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VABSTRACT
Village dams in Sri Lanka are owned in common by the villagers and the 
water in them is used for in-situ public good purposes and for the 
irrigation of their private rice lands. The water resource of the dam is 
replenished every year by the runoff from its catchment during the 
monsoons. Within a year, the water storage is dynamic, being influenced by 
periodic inflows and evaporative losses. The advent of the new rice 
technology, consisting of high-yielding and short-aged varieties of rice, 
has increased the scarcity value of water. However, there are inherent 
inefficiencies in its exploitation due to commonality.
Making use of a two-period model and the concept of user cost, the 
common ownership of the dam and its contents have been shown to lead to 
inefficiently heavy extractions of water during the Wet Season with the 
result that the scarcity in the Dry Season is exacerbated. This 
inefficiency has been shown by comparing the net social benefits under the 
commonality allocation and that under the efficient allocation. The 
analysis incorporates explicitly the substitution possibilities between 
land and water so that the optimal land area is chosen for each level of 
application of water.
The empirical approach developed in the thesis involves two aspects. 
First, the water storage is characterized by a transfer function model. A 
monte carlo simulation model, developed on the basis of this, is used to 
simulate the water storage behaviour for a number of years. Second, the 
marginal net social benefits for water use in the Wet Season and the 
associated user costs are derived. This utilizes a simulation model of the 
crop irrigation system, which is placed within a discrete dynamic 
programming framework. The water storage and the soil moisture are
vi
included as the state variables. This model implements the efficient 
intraseasonal distribution of a given amount of water. Crop response 
functions derived via this for different areas of rice are used to define a 
crop response frontier and a user cost frontier. At an efficient 
interseasonal allocation, the marginal net social benefit and the marginal 
social cost are equated. The commonality allocation of water and the 
associated net benefits are derived by a simulation of the traditional 
irrigation and growth of rice. The analysis is repeated for several 
rainfall years.
This analysis enables the efficiency gain due to the resolution of 
commonality and the gain due to the adoption of the new technology of rice 
production to be estimated separately. On an average, the efficiency gain 
has been estimated to be approximately 25 per cent of the overall gains* 
The analysis also determines the optimal use tax and the allocation of land
and water in each of the two seasons.
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CHAPTER 1
WATER RESOURCES AND POLICY IN SRI LANKA: AN OVERVIEW 
Introduction
The development of water resources in Sri Lanka has been concentrated 
in the region known as the Dry Zone which covers nearly three quarters of 
the country. Roughly, the remaining central and the south-west parts of 
largely hilly terrain constitute the Wet Zone. The present demarcation is 
primarily based on rainfall characteristics. The 1900 mm (75 inch) mean 
annual rainfall isohyet is generally accepted as the working boundary 
between these regions (Thambyahpillay, 1965)* As shown in Figure 1.1, this 
seems to coincide with the boundary of the ancient irrigated areas, 
consisting of dams, lakes and irrigation structures, and the unirrigated 
areas (Murphey, 1957, p. 190). Elaborate storage structures are absent in 
the Wet Zone where, apart from a high and reliable rainfall, perennial 
rivers abound. Unfortunately, only a few of the rivers rising in. the Wet 
Zone flow into the Dry Zone.
From the rainfall standpoint alone, the designation of the Dry Zone 
would seem a misnomer as no part in this region records a rainfall of less 
than thirty-five inches. This is the main standard adopted internationally 
to delineate arid regions. Nevertheless, the Dry Zone is representative of 
an arid environment which is characterized by high water losses due to 
evaporation; by limited subterranean and surface water resources relative 
to land available for irrigation; and by periodic receipts of rainfall 
which is peaked within just a few months. It is regarded as the geologic 
and climatic homologue of Tamil Nadu, the corresponding part of India 
across the Palk Strait (Farmer, 1952). Water resoures are of paramount 
importance for agriculture in the Dry Zone. Broadly, the present study is
2FIGURE 1.1
DAMS, LAKES AND THE MAJOR CLIMATIC 
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Source: Adapted from Johnson and Scrivenor (1981), p.ll
3concerned with the efficient allocation of the existing water resources, 
especially those of small dams found in villages.
The village dams are exploited as common property resources. The 
institution of common property leads to a pattern of intertemporal 
extraction of water which is inefficient. It is this management aspect 
with which the present study is concerned. Specifically, the objectives 
are three-fold, viz:
(i) to demonstrate analytically the nature of the common 
property problem and the inefficiency involved;
(ii) to determine empirically the magnitude of the inefficiency involved 
in a real dam situation; and
(iii) to discuss approaches to resolve this problem for efficient 
intertemporal allocation of this resource.
Unlike many other similar problems, such as deforestation, overgrazing 
and overfishing, which are known for their adverse irreversible 
consequences, the one concerning the exploitation of village dams does not 
seem to have been properly recognized. It appears that the problem has 
been obscured by a set of deep-rooted views of the nature of the water 
problems and by the policies which generally bypass the actual problems. 
These are discussed in this chapter as a prelude to the exposition of the 
common property problem in the next chapter.
The remainder of this chapter is divided into six sections. The first 
introduces the water resource system of the village dam. The nature of the 
seasonal water problem in the region and the lack of influence of the past 
policies towards its resolution are discussed in the following section. In 
the third section, the history of pricing of water is reviewed and the 
general need for pricing so as to reflect the seasonal scarcity of water is
4discussed. In the fourth section, the alternatives to new water projects 
currently being promoted by the government are outlined, indicating their 
limitations in solving the fundamental sub-optimal intertemporal 
allocation. This section points out the common property characteristics 
which sustain this inefficiency in village dams. The fifth section 
outlines the aims and scope of the study, while the sixth provides an 
outline of the study.
1.1 Dry Zone Water Resources: The Village Dam
In the Dry Zone, agriculture and settlements have been built around a 
myriad of reservoirs and canals built mostly from the fourth to the 
thirteenth century. This complex of irrigation works appear to have been 
grafted on to a network of small dams which have been recorded to have 
existed in the pre-Christian times (Gunawardana, 1971)* At present, the
dams and the large lakes are popularly known as minor tanks and major tanks
(i )respectively v '.
The ancient civilization of the Dry Zone constitutes just about the 
only one of its kind to have flourished on rice culture that evolved around 
tanks. However, it collapsed in the thirteenth century around the same 
period as other similar rice civilizations which were centered around 
alluvial river plains, such as those of Cambodia, northern Siam and Burma. 
The irrigation systems remained almost everywhere derelict and in ruins for 
over five centuries until the nineteenth century. The exact reasons for 
this decline are still a subject of controversy, as evinced by Murphey 
(1957)» The ancient irrigation works have now been restored and renovated. 
A few new ones have also been constructed. Most of the restorations were
^The term 'tank' appears to have been derived from 'tanque' meaning 
reservoir in Dutch (Brohier, 1934)*
5c a r r i e d  o u t  ove r  n e a r l y  e i g h t y  y e a r s  o r ,  r o u g h l y ,  d u r i n g  t h e  l a t t e r  h a l f  o f  
t h e  B r i t i s h  c o l o n i a l  p e r i o d .  S in c e  i n d e p e n d e n c e  i n  1948 g r e a t  s t r i d e s  have 
been made i n  t h e  c o n t r o l  o f  m a l a r i a  which p l ag u e d  t h e  p o p u l a t i o n  and i n  t h e  
r e - s e t t l e m e n t  o f  t h e  r e g io n ,  ( s e e  Farmer ,  1957)*
S in c e  t h e  w a t e r  r e s o u r c e s  a r e  d e v e lo p e d  f o r  i r r i g a t i o n ,  t h e y  a r e  
g e n e r a l l y  r e f e r r e d  to  as  i r r i g a t i o n  schemes .  On t h e  b a s i s  o f  a r e a  t h a t  a 
dam i r r i g a t e s ,  i t  i s  c a t e g o r i z e d  a s  e i t h e r  a m a jo r  o r  a m inor  scheme. A l l  
t h e  dams i r r i g a t i n g  below 80 h e c t a r e s  f a l l  i n t o  t h e  l a t t e r  c a t e g o r y  which 
i n  t h e  Dry Zone i s  formed l a r g e l y  by v i l l a g e  dams (See A g r a r i a n  S e r v i c e s  
Act No. 59 o f  1979) .
1 .1 .1  The one dam one v i l l a g e  sys te m
T r a d i t i o n a l  s e t t l e m e n t s  i n  t h e  Dry Zone a r e  based  on a one dam -  one 
v i l l a g e  e c o l o g i c a l  p a t t e r n  ( C o d r i n g t o n ,  1938, pp.  1 - 5 ) .  The c e n t r e  o f  each  
s e t t l e m e n t  i s  a s m a l l  dam b u i l t  by e r e c t i n g  an e a r t h e n  bund a c r o s s  t h e  
s l o p e  i n  t h e  l a n d s c a p e .  An u n d u l a t i n g  l a n d s c a p e  w i t h  g e n t l e  s l o p e s  i s  
c h a r a c t e r i s t i c  o f  t h e  Dry Zone. S inc e  t h e  d i s t a n c e  be tween  a d j a c e n t  c r e s t s  
r a n g e s  o n l y  be tw een  one and t h r e e  k i l o m e t r e s ,  i t  i s  n o t  uncommon to  f i n d  
more t h a n  one dam w i t h i n  a s q u a r e  k i l o m e t r e .  In  c a p a c i y ,  t h e y  v a r y  w id e ly  
from 50 t o  250 a c r e - f e e t ,  a t y p i c a l  dam b e i n g  a ro und  150 a c r e - f e e t .  Each 
dam has  i t s  own ca tc hm e n t  which i s  i n  t h e  u p p e r  r e a c h  o f  t h e  c a t e n a r y  
s e q u e n c e ,  whereas  t h e  r i c e  l a n d  i s  found a s  a b l o c k  i n  t h e  v a l l e y .  The 
t y p i c a l  r i c e  l a n d  i s  a round  20 h e c t a r e s  c o n s i s t i n g  o f  two components ,  
namely p u r a n a  we la  and a k k a r a  w e l a . Pu ra na  wela  ( p u r a n a  l a n d )  o r  p a r a v e n i  
i s  t h e  a n c e s t r a l  p r o p e r t y ,  whereas  t h e  a k k a r a  wela  ( a k k a r a  l an d )  i s  a 
r e l a t i v e l y  r e c e n t  a c q u i s i t i o n .  Akkara l a n d  i s  found i n  t h e  per iphery a t  a 
r e l a t i v e l y  h i g h e r  l o c a t i o n .  P a r c e l s  o f  t h e s e  l a n d s  a r e  owned by a b o u t
f i f t y  f a m i l i e s .
6Village homesteads are found clustered in highlands along either or 
both sides of the embankments of the dam. A variety of tree crops and a 
mixture of highland vegetables are also grown in the homesteads. However, 
most of the annual crops are grown in a slash-and-burn or shifting 
agriculture practised in village lands known as chena. This term is the 
anglicized version of 'hena' and 'chenai' used for such lands in Sinhalese 
and Tamil respectively. Although the chena and the highlands serve 
important roles, the village rituals surround only the rice cultivation. 
The various components of the village system are shown schematically in 
Figure 1.2. Ohrling (1977, p. 85) has described these villages as 
nucleated tank settlements. The accepted boundary between villages seems 
to be the watershed (1956, p. 195)*
Sociologically, each village is somewhat homogeneous, comprising 
largely of kin. In many cases, a village can be identified with a social 
class or caste. For example, Walagambahuwa, one of the villages examined 
empirically in the present study, consists of a group of forty-eight 
families belonging to the 'drummer-caste'. The homogeneity of traditional 
villages can be explained in part by the marital customs and rules of 
inheritance; and partly by the origin of villages themselves. Generally,
the marriage is patrilocal, meaning that the brides move to the grooms' 
villages. Hence, males continue to reside in their respective villages. 
On the other hand, a matrilocal marriage is practiced by Tamils. The 
marital customs are also tied to inheritance rules. A partrilineal 
inheritance rule is followed in Sinhalese villages, where the riceland, the 
only private property, is inherited by sons in equal shares. This rule is 
violated only when there are no sons in a family. Among Tamils, on the 
other hand, daughters are the heirs of property. Thus, over a number of 
generations, the inhabitants are likely to be mostly relatives. The 
original founders of a village in ancient times are believed to be often a
7FIGURE 1 .2
ONE DAM -  ONE VILLAGE SETTLEMENTS 
AND AGRICULTURE IN THE DRY ZONE 
S e t t l e m e n t  P a t t e r n
CENTRAL SRI LANKA
08'000 North 
80'45° East
R e fe re n c e s :
PADDY FIELD
VILLAGE GARDEN OR 
SETTLEMENT AREA
^ J tank
CART TRACK
TEMPLE OR SHRINE
N
A
C o m p o n e n ts  a n d  A g r i c u l t u r a l  S y s t e m
Cart track
Home garden
References.
Forest or 
recoveri ng 
chena land
Paddy
Home garden
^"ihc Slash and burn 
cultivation
©
Paddy
Settlement area 
Stream
SOOM
j
S o u r c e :  A d a p t e d  f r o m  O h r l i n g  ( 1 9 7 7 ) ,  p p . 8 8 - 8 9 .
8team of brothers and cousins who broke away from a village when it became 
crowded (Obeyesekera, 1970). The above customs foster homogeneity in a 
village, particularly where the sale of the traditional land to outsiders 
is prohibited. Such a norm appears to be generally true in Sinhalese 
villages.
It is believed that a homogeneous village group is conducive to the 
efficient management of the water resource. Apart from the irrigation of 
rice, the water resource is also used in situ for other purposes such as 
washing, recreation and for the village cattle. It also serves as a 
fishery for the village. Most of these uses are of a public good 
character. The water allocation decisions for irrigation on the one hand 
and the storage on the other are dependent on climate, especially on the 
distribution of rainfall.
1.1.2 Climate, water storage and agriculture
The rainfall is distributed in two well marked seasons, with a 
pronounced drought during the months from June to August. Nearly eighty 
per cent of the annual rainfall is experienced in heavy storms during a 
period of a hundred days or so from September to January. Most of the 
latter part of this period is under the influence of the north-east 
monsoon. In general, this period is cool and wet. Although dry spells are 
not uncommon, rainfall during this period is evenly distributed. It also 
coincides with the major agricultural season which is referred to as the 
Wet Season in this study. Locally, it is known as 'Maha* and 'Perumpokam' 
in Sinhalese and Tamil, respectively. Since the infiltration capacity of 
the soils is low and since the bed-rock has poor storage capabilities, 
storms in this season result in heavy run-off. Following this period, a 
dry spell occurs from February to mid-March, which coincides with the 
harvesting operations of the Wet Season rice crop.
9The second rainfall season is short and occurs from mid-March to mid- 
May. This coincides the cropping activities of the second season. It is 
referred to as the Dry Season in this study. This is known as 'Yala' or 
'Sirupokam' in local dialects. The ensuing three months are under the full 
dominance of the south-west monsoon. After having precipitated all its 
moisture in the hilly Wet Zone, this passes over the Dry Zone as a 
dessicating wind. The few occasional rains are also ineffective in the 
sense that they are relatively small compared with the evaporation. The 
drying wind together with persistent high temperatures leads to aridity.
In the dams, water storage through the year generally exhibits a 
bimodal pattern similar to that of the rainfall. Water levels build up 
rapidly during the Wet Season and reach the highest magnitude by December. 
During the subsequent months they gradually recede until April. From April 
until the end of May, there is a significant addition to storage caused by 
the Dry Season rains. The second peak is followed by an accelerated 
depletion evidently as a consequence of the prolonged drought from June to 
August. The dams exhibit their lowest level of storage towards the end of 
this period and it is not uncommon to find village dams empty.
It appears that the above water storage behaviour has received 
explicit consideration in the established irrigation practices for rice in 
the villages. Traditionally, in many dams, irrigated rice has been grown 
in only the Wet Season with the planting operations starting only in 
December. Whenever possible the Dry Season cultivation is undertaken in an 
appropriate area depending on the residual water storage. Other conditions 
are ideal for rice throughout the year. The temperature is stable and 
ranges from about 75°F in December to 86°F in June. Reliable uniform 
temperatures, with the associated solar radiation approach the optimum for 
the growth of rice (Farmer, 1954).
10
The art of rice culture seems to have been introduced by the early 
Indian settlers (Abeyratne, 1956). Normally, a 4 to 5 month age rice 
variety is grown in the Wet Season, while a 3 month variety is sown in the 
Dry Season. While irrigation is desirable in the Wet Season, it is 
essential for rice in the Dry Season. The key aspects of the rainfall 
distribution, water storage and cropping pattern are shown schematically in 
Figure 1 .3*
Despite the small size of the rice lands in each village, their total 
share in the rice industry is substantial. Indeed, it is estimated that 
there are over 12,500 village dams in the Dry Zone (Arumugam, 1959, p.9)*
1.1.3 Village dams and rice industry
Detailed statistics of village dams and their storage capacities are 
not available. As an alternative, the statistics pertaining to the rice 
industry can be used effectively to highlight the importance of these dams 
in the Dry Zone. The areas of rice grown under the different schemes in 
the year 1980/81 are summarised in Table 1.1. It is apparent that minor 
irrigation schemes are relatively more important in the Wet Zone than in 
the Dry Zone. Yet, in the latter region, minor schemes, mainly dams, have 
been responsible for the irrigation of over 75,000 and 10,000 hectares in 
the Wet and the Dry Seasons respectively. An examination of Table 1.1 
reveals that nearly 28 percent of the irrigated rice land in the Dry Zone 
is under the command of small dams. Separate statistics on production are 
not available. Overall, rice produced under village irrigation schemes is 
estimated to be approximately 0.4 million tons or 25 per cent of the total
national output.
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TABLE 1 .1
AREA OF CULTIVATION OF RICE UNDER VARIOUS 
IRRIGATION SCHEMES, 1980/81
In hectares
Irrigation Wet Season 1980/81 Dry Season 1981
Schemes
Dry Zone Wet Zone All Island Dry Zone Wet Zone All Island
Major schemes 191,254 
(51)
30,358
(14)
221,612 
(37)
108,309
(81)
19,169
(13)
127,478
(46)
Minor schemes 75,364
(20)
75,584
(35)
150,948
(25)
10,337
(8)
37,719
(26)
48,056
(17)
Rainfed 111,329
(29)
112,802
(51)
224,131
(38)
15,082
(11)
89,438
(61)
104,520
(37)
Total 377,947 218,714 596,691 133,728 146,326 280,054
Note: (a) Computed from statistics given in Statistical Abstract, 1982, Department o:
Census and Statistics, Colombo.
(b) Figures in parenthesis represent the percentages of the totals for th< 
respective zones.
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1.2 The Water Problem and Policy
The scarcity of water in the Dry Season has long been recognized as 
the major problem for agriculture in the Dry Zone (Farmer, 1956, p. 239; 
Chambers, 1974, p. 22). Up until the present, interested groups have 
focused primarily upon strategies to increase overall supplies rather than 
reallocate or reduce demand. The most popular approach in the past has 
involved actually increasing the available quantities of water through the 
construction of reservoirs. Where this is not possible, high-cost projects 
such as diversion of rivers have been undertaken to move water from one 
basin to another. In future, even other high technology solutions such as 
cloud-seeding or desalinization of sea water might be considered. In the 
past three decades, over a quarter of the total public investment funds 
have been absorbed in new water resource projects.
In spite of all these efforts, the fundamental problem has remained 
unresolved. This can be attributed to the joint influence of three groups 
of factors, viz.: the popular assumptions concerning the factor
relationships in crop production; the pricing policy and associated 
misconceptions; and the preoccupation with purported benefits of new 
projects. These are discussed one by one in this section.
1.2.1 Assumptions of production relations
Two assumptions pervade the discussions of water use in the production 
of rice and have greatly influenced related policies. They are^ ^ :
(i) that the crop is produced by a fixed proportion or Leontief
production function with respect to land and water, in the sense of
1The first assumption refers to the characteristic of an isoquant where 
the output is fixed, whereas in the second one it is not. For a 
distinction between factor-factor substitutability and the interdependence 
of factors (see Beattie and Taylor, 1985, pp.26-32).
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"no factor substitutability", for any given level of output; and
(ii) that the productivity of each additional unit of water, when land is
variable, remains unchanged.
Prevailing notions of the traditional interseasonal allocation of water 
resources have embodied the above assumptions.
A model of the traditional water allocation incorporating the above 
assumptions was used by Chambers (1974, 1977) in his analysis of the
potential gains in terms of rice output via the reduction of water wastage
in major irrigation schemes. Though he did not present a rigorous model of
the water allocation for rice grown under the irrigation systems,
nevertheless, his description of the existing allocation can easily be
pieced together. Since a substantial amount of water is lost in storage
and since the rainfall is also low in the Dry Season, it has been 
maintained generally that it is desirable to cultivate as much area of rice 
as possible in the Wet Season rather than saving the storage for the Dry 
Season (Chambers, 1977, p. 104).
The above model of the existing water allocation is illustrated in 
Figure 1.4 (a), where the value of marginal product of water (VMP) in the 
Wet Season is drawn from left to right, while that of the Dry Season is 
drawn in reverse. The horizontal axis measures the available storage. The 
shape of the VHP curves can be explained by considering conveyance losses, 
the main element of wastage highlighted by Chambers. This refers to all 
the losses of water incurred from the dam-sluice, where water is released, 
to the location of the rice crop. Due to losses along the channel network 
and other administrative reasons, a unit of water released ex-sluice will 
be somewhat dissipated by the time it reaches the place of use. Given the 
fixed input technology, this portion of water can be combined with a
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proportionate area of rice. Roughly, the farther the field from the 
sluice, the smaller the fraction of the initial quantity water that could 
be delivered and, hence, the lower the additional area of irrigation. 
Therefore, as more and more rice lands in the peri^iery are included, the 
VMP of a unit of water ex-sluice gradually declines. In the limit it 
becomes zero. It defines the maximum possible land for irrigation in the 
Wet Season. Thus, even if the whole rice land is uniform in quality and 
rice is grown under a fixed input technology, a declining VMP for water, 
ex-sluice, results. In Figure 1.4 (a), MC defines the allocation in the 
Wet Season, while the remainder is applied to an appropriate area of rice 
in the Dry Season.
Figures 1.4 (b) and (c) illustrate the effect of reducing conveyance 
losses on the productivity and interseasonal allocation of water. An 
upward shift of the VMP curves captures the effect. Obviously, this will 
result in an increase in the value of output for the water presently used. 
Where additional land is available this will lead to an expansion of the 
area of rice at the periphery and to an additional allocation of water to 
the Wet Season at the expense of the Dry Season. Such a bias towards the 
Wet Season use of water until its VMP tends to zero has been suggested by a 
few other studies. Iriyagolle (1978, p.44) has argued that the present
irrigation works are geared for the supply of water in the rainy 
Wet Season only, and that the Dry Season is treated as secondary.
A Committee which conducted an ex-post evaluation of the Gal Oya 
Project also arrived at similar conclusions (Ceylon, 1970).
^The VMP^.jj represents the VMP of water in the Dry Season, after 
having discounted for the evaporative loss of water. That is,
VMP(ii) = (l-r)VMP^jj, where VMP^jj denotes the physical VMP of 
a unit of water actually used in the Dry Season and r is the rate
of evaporation.
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Yet, these studies have failed to grasp the nature of the seasonal 
scarcity problem. In this regard, a conclusion drawn by Chambers in 
relation to village dams on the basis of his model is noteworthy. That is, 
since the village dams are less bureacratized (implying less wastage) and 
managed by the community, the water use is 'efficient'. Given his model 
and assumptions such a conclusion is not surprising. His model for the 
water allocation in village dams would be somewhat similar to Figure 1.4 
(c). The actual inefficiency resulting from the failure to reallocate 
water towards the Dry Season is obvious and can be represented roughly by a 
triangle, as shown by the dotted area in Figure 1.4 (a). Similar areas 
could be shown in Figures 1.4 (b) and (c), but to keep the figures 
simple they are not depicted. Such a result is in strict contrast to 
Chambers' suggestion which favours an allocation towards the Wet Season at 
the expense of the Dry Season. Furthermore, the efficiency issue has been 
ill-conceived. The term "efficiently gains" has been used loosely to refer 
to the gains due to the augmentation of the resource base. The 
preoccupation with the wastage of water appears to obscure the existence of 
the seasonal scarcity problem.
When the traditional assumptions are relaxed the issues become 
clearer, especially where wastages are absent. First, a plausible 
explanation of the traditional allocation of water can be provided. 
Secondly, it permits an analysis of the efficient allocation of water with 
other scarce factors in each of the seasons. Finally, the nature of the 
efficient interseasonal allocation of water can be determined separately 
from that of land. In village dams, conveyance losses are remarkably low. 
These dams are, therefore, ideally suited to explore the efficiency issues.
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1.2.2 The pricing policy and misconceptions
An important factor that has sustained the pressure for additional 
water is the pricing policy itself. At present, water is supplied free of 
charge. The blessing of free water turns out to be a curse during periods 
of high demand. Unfortunately, during the Dry Season high demand concurs 
with low storage so that, given a zero price, a water crisis develops. 
Such a shortage is often confused with the scarcity.
Strangely, the terms scarcity and shortage are often being used 
interchangeably in discussions of problems related to water resources in 
the Dry Zone (see for instance Chambers, 1977; p.105)* From an economic 
point of view all economic goods, as against free goods, are scarce 
resources. It is because of the scarcity of resources that the issue of 
efficient allocation arises. In this respect, therefore, there is no basis 
to treat water any differently from a score of other factors engaged in 
agriculture. A shortage, on the other hand, represents a situation where 
the quantity demanded of a good exceeds the supply available at that price. 
Similarly, the opposite situation, where the supply of a good at the ruling 
price is in excess of the quantity demanded at that price, culminates in a 
surplus. A shortage of water in the Dry Season thus reflects a market 
distortion where water is underpriced. A persistent shortage will sustain 
inefficient users and uses of water. It can be eliminated by setting the 
price high enough to clear the market. Such a price would reflect the 
degree of scarcity of water in the Dry Season. On the other hand, in order 
to resolve the problem of differential seasonal scarcity, water has to be 
reallocated from less economic uses in the Wet Season towards more economic
uses in the Dry Season.
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The possibility of using price as a tool to accomplish the above goals 
is hampered by a further assumption regarding demand. The term demand, 
which connotes dependency on price, is incorrectly used. Needs or 
requirements are often used interchangeably with demand for water. It must 
be recognized that needs or requirements are the correct terms for 
quantities which must be met at any price. This imposes an infinite 
penalty cost for shortages. Since the water quantity normally assumed as 
necessary for a unit area of rice far exceeds the vital need for preventing 
a total crop failure, the concept of water needs (assumption 1 above) is 
unhelpful. The persistent shortage and the notion of water requirement has 
been used to strengthen the plea for new water projects in the past.
1.2.3 Purported benefits of water resource projects
A preoccupation with new water resource projects in the past appears 
to have undermined the efficiency issues of existing water resources. New 
projects have been justified on the grounds of purported national benefits 
and used for political advantage by successive governments especially by 
providing water free of charge (iriyagolle, 1978, pp.51-52).
The list of purported national benefits, in addition to providing the 
much valued water in the Dry Zone, usually includes the following. The 
increase in the area of irrigated rice, rise in the national output of 
rice, the new employment created in rice industry and in ancillary 
industries, the number of families which would be moved from the crowded 
Wet Zone and be re-settled and the increase in income of rice farmers in 
the Dry Zone.
It must be recognized that these are gross measures and that the true 
benefits are given by the net gain after subtracting the costs incurred by 
the society. For example, the benefit in re-settlement can be measured in
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terms of the reduction of costs of congestion in the Wet Zone and the net 
value of increased production in the Dry Zone. These, however, have to be 
compared with the costs of irrigation and land development and also the net 
value of output foregone in the Wet Zone as a result of the removal of 
families. The project cannot be justified unless the benefits exceed the 
costs involved. It is the one which yields highest net benefit that must 
be chosen. Similar social benefit and cost tests have to be applied in 
order to determine whether the water resource project is the efficient 
choice for each of the objectives. Without such extensive analysis, citing 
the purported benefits can be misleading. Besides, most projects are not 
directed at resolving differential water scarcity. In fact, this issue is 
obscured in the idea of receiving more water in general.
A few other misconceptions also pervade the arguments for new water 
projects. A reason sometimes advanced to highlight the value of an 
irrigation project is that it increases the value of the agricultural land. 
Such an increase in value of the land, reflected by the market price, 
actually represents the capitalized value of the returns to the 
investment. It is equal to the present value of the stream of additional 
private benefits which will continue to accrue annually to the land owner. 
Clearly, this capitalized value constitutes a transfer payment to the Dry 
Zone farmer.
Another nationalistic reason often advanced is that since it has been 
the tradition of great kings to build dams, it should continue as the 
responsibility of every good government (see Madduma Bandara, 1977)* It 
has also been suggested that the state must invest in dams on the grounds 
that it could not be accomplished by individuals. Such reasoning is 
debatable and an economic basis for public production is discussed in the
next section.
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1.2.4 Priorities of a _ water resource policy
Enhancing the physical quantities of water with new dams, while
retaining a zero price, will not solve the Dry Season's shortage problem. 
One of the reasons is that new projects are always associated with the 
clearing of new lands for agriculture with concommitant increase in demand 
for water. A water-biased technological change, induced by the pricing 
policy, would also raise the demand for water. Besides, at present 
irrigation works are, as noted earlier, geared for the supply of water and 
the expansion of rice area in the Wet Season (iriyagolle, 1978, p*44;
Chambers, 1974, pp.26-32). On the other hand, rivers in the Wet Zone that 
can be diverted easily to augment directly the supplies in the dams in the
Dry Season are running out. New sources of augmentation are bound to be
increasingly expensive and usually cannot be justified economically. The 
appropriate policy for solving the shortage and for resolving the 
differential seasonal scarcity involves, first, abolishing the zero-pricing 
scheme for water and, secondly, implementing a reallocation 
interseasonally. A price that imposes a scarcity in the Wet Season and 
induces reallocation of water efficiently between the seasons is optimal. 
It will redistribute the scarcity between the seasons optimally.
New water supplies without the recoupment of costs implies a subsidy 
or transfer from the public to the beneficiaries of the project. However, 
unless an efficient interseasonal allocation is restored, by a pricing or 
an administrative scheme, the storage problem is bound to continue in such 
projects. Thus, new projects cannot be separated from the management of 
the existing ones as far as the problem of differential seasonal scarcity 
is concerned. In general, it appears that most major irrigation projects 
in South Asia appear to be heavily subsidised irrespective of whether water 
rates charged to farmers are compared with either the cost of providing the
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water or the benefits derived by farmers in using the water (Taylor, 1971; 
Clark, 1970; Carruthers, 1968). Even the case for a subsidy on rates
reflecting marginal cost, on the grounds that the irrigation water supply 
is a decreasing cost industry and that there are indirect benefits, does 
not seem to be sufficiently strong (Ansari, 1968). Where such a subsidy is 
desired on distributional grounds, a scheme (pricing or otherwise) will 
still be essential to mitigate the seasonal scarcity problem.
Mitigatory approaches must treat the two seasons as competing 
alternatives to allocate the water resource. The present study also
relaxes the two assumptions given at the outset and treats water as an 
input substitutable with land. It also assumes that they are
interdependent.
1.3 Public Production of Dams and Pricing of Water
The rationale behind water storage is the possibility of profitable 
arbitrage intertemporally, which stems from the relative abundance of water 
in the Wet Season and its scarcity in the Dry Season. In general, 
arbitrage can occur whenever a commodity sells in separate markets at
prices which differ by more than the cost of shifting the commodity between 
the markets. Water transfer from the Wet to the Dry Season market
involves, in addition to the evaporative loss, the cost of the storage
facility or dam. However, since water storage systems exhibit decreasing 
cost characteristics, private construction can lead to socially inefficient 
sized dams. This provides the justification for the public production of 
dams.
For the same reason, the pricing of such stored water is also
complicated.
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1.3*1 Production and pricing of water
Dams conform to the classical conditions of decreasing cost firms. 
That is that the marginal cost of a unit of water is much less than the 
average cost. This can be attributed to the large indivisibilities 
inherent in the construction of dams and their distribution systems.
Figure 1.3 represents a decreasing cost from such as a village storage 
dam. The demand curve by the villagers is the value of marginal product 
curve (VMP) and the marginal revenue product curve (MRP) is marginal to it.
It is well known that in a decreasing cost industry a competitive market 
structure cannot exist and a monopoly will emerge. Assuming a single price 
for rice, MRP is the marginal revenue curve facing such a firm. If its 
goal were to maximize profits it would build a storage capacity of OJ and 
charge a price of JJ", OJ being the capacity where marginal revenue equals 
marginal cost. From the point of view of the allocation of resources this 
is an inefficient size since at capacities beyond OJ the marginal cost of 
additional capacity is below the VMP of the water which can be provided by 
the additional capacity. Thus, the private dam will be too small and the 
capacity of the catchment will be underutilized. The associated loss in 
efficiency is given by the area J'N'J".
There are additional arguments for the claim that private dams are too 
small. It is asserted that the discount rate adopted by the private 
developer is much larger from the point of view of society (Ansari, 1968, 
Chapter 4)* If a lower discount rate were used, the discounted sum of the 
VMPs would be greater and the capacity should therefore be larger. In 
addition, there are widespread benefits which extend beyond the immediate 
project area which a private dam developer cannot claim in the form of 
prices. These secondary benefits, when taken into account, indicate a
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larger dam. Thus, there is a market failure in the private production of 
dams and irrigation systems. Therefore it is not surprising that the
construction of irrigation works in the ancient times was the
responsibility of the King and that now it is undertaken as a public 
enterprise.
The optimal size of the dam is ON, where the VMP of water is equal to 
the marginal cost of providing the water. Beyond this point the
incremental costs are greater than the incremental capacity. A price equal 
to the average cost, NN" can be charged. Since this price will be greater 
than the VMP there will be an excess capacity equal to MN, which is 
wasteful. Users cannot be charged a price greater than the VMP of water.
There are four pricing alternatives:
(a) a price equal to the marginal cost (MC);
(b) a discriminatory price where each unit of water could be charged 
its value of marginal product (VMP);
(c) a two-part price could be levied, where a quantity of water could be 
sold at a price equal to the MC and the purchasers could be charged an 
additional price from the surplus for entry into the market; and
(d) a two-part pricing can be combined with the discriminatory 
pricing of (b).
The alternative (a) would involve a subsidy to water users, amounting to 
N'N" per unit.
The pricing of water in public irrigation facilities in a South Asian 
context has been discussed elsewhere (see Ansari, 1968; Carruthers, 1968; 
Clark, 1970; and Taylor, 1971)* Although at present water is supplied free 
of charge in Sri Lanka, various pricing approaches seem to have been
26
adopted in the past. These are of interest as they seem to have influenced 
a few of the management practices of village dams.
1.3*2 Water pricing in the past
In the medieval era, temples appear to have acted as agents of the 
King for the management of dams. In each season, the users were required 
to pay the village temple a levy which was unrelated to the amount of water 
used. Such a levy would have extracted a portion of the surplus without 
influencing the actual use of water. In the intervening centuries until 
the British colonial period, there was no significant change in this 
respect.
In the late nineteenth century successive colonial governors undertook 
the restoration of irrigation works. Work was concentrated initially on 
the village dams in parts of the Dry Zone and later extended to other major 
irrigation works. While monetary contributions and technical supervision 
were made by the government, voluntary local labour was engaged in the 
construction. This was popularly known as the 'grant-in-aid' system which 
also approximates to a two-part price with a zero MG component in the 
payment.
Although general revenue was diverted for such works initially, 
towards the end of the century successive British governments adhered to a 
pay-its-way principle. Wherever irrigation works were undertaken, those 
who benefited were expected to repay the outlay in ten annual instalments 
through what was called a 'water-rate'. This is equivalent to average cost 
pricing. Thereafter, a differently-scaled water rate was applied to meet 
the maintenance costs. The principle of direct financial recoupment 
appears to have been an integal part of the government's policy. Under the 
above water-charging scheme the seasonal scarcity would still have 
remained. However, this principle was not applied to village dams. By the
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turn of the century, however, the government used general revenue in the 
construction of irrigation works, both large dams and village dams (for a 
history of the irrigation policy during the British colonial period, see 
Roberts, 1972). Also, the renovation and maintenance of village dams
became dependent on the village labour, though from time to time it did 
change. In fact, government documents described village irrigation systems 
as "the works under which the land-holders do not, as a rule, pay any rate 
but carry out earth work and jungle clearing, necessary for maintenance, in 
part or whole" (Rules and Procedures of Irrigation Works, Ministry of 
Agriculture and Lands, 1939; quoted by Arumugam, 1959, p*9)*
1.3*3 Some implications
Renovation of derelict dams might not cost as much as the construction 
of a new one, yet it could be expected to have a similar cost structure. 
The case of a renovated village dam can be conveniently represented by 
Figure 1.5, where the size of the dam is depicted by ON. In fact, a 
renovated dam could be slightly larger than the original dam as the costs 
are comparatively low. Water storage will now be larger than that demanded 
for the original purana rice lands. As a result, villagers would probably
have been prompted to expand the rice land with akkara land.
A more plausible reason for the existence of the akkara land can be 
provided by considering the policy adopted for the maintenance of the dam. 
In order to fully utilize the storage, a price equivalent to NN'; (in Figure 
1.5) must be imposed. The cost of maintenance incurred by villagers 
regularly can be regarded as a payment towards this, though it is unrelated 
to the magnitude of utilization. Nevertheless, indirectly through the area 
of irrigation it is related to the amount of use. There is evidence to 
believe that villagers who did not want to use the water could opt out.
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Where the maintenance cost can be higher than NN' it will lead to an 
underutilization of storage of the dam as inefficient users will opt out. 
The persistent unused storage over years would have prompted efficient 
villagers to extend the area of rice in the periphery and raise the demand 
to absorb the additional water. This is probably the origin of the akkara 
land which is owned only by a small group.
The maintenance of village dams came under the responsibility of 
government departments since the late fifties (see Paddy Lands Act, 1958). 
In effect, water was supplied free of charge and inefficient users would 
have resumed the use of the storage. Moreover, given the demand curve and 
the size of storage (ON) of the dam there would have been a shortage of NQ. 
In order to avoid conflicts, villagers would have jointly reduced the 
demand by excluding from irrigation part of the original rice land. The 
excluded land could have been pooled with the above akkara land.
In conclusion, it must be noted that the private production of dams is 
inefficient. On the other hand, in public production of dams in the past, 
the pricing of water has not been geared to resolve the seasonal scarcity 
problem.
1.4 Present Policies
There has been an increasing realization that the real cost of 
providing additional irrigation water is likely to continue to rise, since, 
as favourable sources are exhausted, the succeeding projects are bound to 
become more costly. It has also been felt in the government circles in the 
early seventies that in view of the large number of dam systems, increasing 
attention must be paid first to measures that could maximize the benefits 
from the available water resources of each dam. These were evident
particularly in policy statements of the Minister of Irrigation, Power and
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Highways, as evinced by the following:
"Over the past few decades the government has been spending increasing 
amounts of money for new works as well as for the restoration of 
ancient works. I am afraid, however, that while we have been devoting 
a great deal of care and attention on the major engineering works, we 
have not paid sufficient attention to the use of water at the farm or 
farm water management, which should form an integral part of the 
design and operation of an irrigation project'.
(Ceylon Daily News, 20 June 1973)*
This marks a new era in government approach to the water problem in 
the Dry Zone. An alternative to new water projects has been actively 
promoted in the mid seventies. It concentrated on two aspects, viz., the 
preservation of water and the improvement of the cropping systems. In new 
major irrigation systems, area restraints are also imposed in the Dry 
Season.
1.4.1 Preservation of water
Basically, preservation of water involves measures to minimize or 
prevent water being lost in undesirable ways and those designed to capture 
rainfall effectively. First, it includes steps to reduce evaporation from 
the soil surface and to increase the infiltration of rainfall into the soil 
by proper soil management techniques. Secondly, it covers agronomic 
practices such as appropriate plant density, time of crop operations and 
the control of weeds to avoid unwanted evaporaion by weeds, and so on. 
Preservation also encompasses the reduction of physical wastage of water 
due to defective engineering structures and poor conveyance facilities. 
Preservation of water is popularly referred to as water conservation. In a 
strict sense, the use of this term is erroneous. As a dynamic concept, 
conservation relates to diverting water away from a current beneficial use 
with a view of allocating to competing future uses.
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From an economic standpoint, the above preservation measures only 
augment the resource base at associated costs. Therefore they are akin to 
providing additional water stocks. They cannot solve the problem of 
seasonal scarcity nor can they lead to the efficient use of water. An 
effective conservation of water in the Wet Season to allocate in the Dry 
Season is necessary to achieve these ends. The improvement of cropping 
systems involves a degree of conservation of water.
1.4*2 Cropping systems improvement
Fundamentally, the cropping systems programme has envisioned the 
possibility of substituting land for water in rice production by the 
replacement of the traditional long maturing varieties by short-age highly 
productive ones which use less water. Secondly, it aims at meeting part of 
the water 'need' by incident rainfall. The latter, in fact, is an 
augmentation of the resource base and involves early planting of the Wet 
Season rice. It must, however, be noted that the approach still conforms 
to the traditional assumptions of 'non-substitutability' and of factor 
independence between land and water in the production process of irrigated 
rice.
The programme for the improvement of cropping systems in village dams 
involves the introduction of high-yielding and early maturing varieties of 
rice for cultivation in both seasons and also a change in the cropping 
calendar (see Sri Lanka, 1975; Panabokke, 1976). The key elements of the 
improved cropping system of the rice land are:
(i) the replacement of the low-yielding traditional varieties 
of rice in use with the above highly productive ones;
(ii) the advancement of the time of planting of the Wet Season
rice crop towards the onset of the north-east monsoon; and,
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(iii) with the water saved, the accommodation of rice or another 
crop in the Dry Season as a permanent feature.
The features (ii) and (iii) augment the water resource base while (i) 
raises the productivity of water. The latter is realized partly due to the 
substitution of water by land (via higher cropping intensity) with the use 
of a short-age variety in the Wet Season.
The above cropping system has been tried experimentally since 1976 by 
a team of research workers in a few selected villages including 
Walagambahuwa, a case study (see Sivapatham, 1979; IRRI, 1982). A step 
taken initially regarding the management of the dam-storage for the 
implementation of the programme is noteworthy. That is that the management 
of the dam was transferred to the research-team from the villagers. 
Although the Dry Season rice was not considered as a competing alternative 
to the Wet Season rice in the allocation of water, the approach adopted on 
implementation is also notable. In the programme, efforts were made to 
grow the Wet Season rice, as far as possible, as a rainfed crop so that the 
whole water storage (after evaporative losses) could be diverted for 
irrigated rice in the Dry Season. Clearly, this represents an extreme 
position in interseasonal allocation. Nevertheless, it is significant in 
that it points towards the direction of resolving the seasonal scarcity of 
water. It must, however, be noted that the programme did not recognize 
explicitly the seasonal scarcity as the problem and hence was not designed 
to resolve it.
1.4*3 Restrictions of area of irrigation
Bethma is a village institution often admired for its effectiveness in 
managing the problem of water shortage in the Dry Season (Farmer, 1957, p. 
558; Leach, 1961, p.170). It is an arrangement whereby villagers agree to
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reduce demand for water, in times of shortage, through the selection of a 
part of the block of riceland, regardless of the ownership, on which rice 
is not to be cultivated. The area on which rice is to be cultivated is 
judged collectively on the basis of the residual storage at the beginning 
of the Dry Season. Each villager cultivates a share of this block, in 
proportion to his holdings. However, it must be noted that this choice of 
area for the Dry Season is not decided taking both the seasons into 
account.
A system of restriction of area of irrigation is now imposed by water 
administrators of major irrigation schemes for managing water shortage in 
the Dry Season. For example, in the new irrigation areas under the 
Mahaweli river diversification project, it has been incorporated as an 
explicit feature and called also 'bethma' (see Londerloot and Verweij, 
1983)» Its role is evident in a recent report which, on the question of 
problems, concludes as follows:
"The adoption of the bethma system by the Mahaweli Authority, due to 
drought, appeared to be successful in alleviating many of the problems 
associated with past yala seasons".
(Jayawardene and Kilkelly, 1983, p. xvii)
The institution of bethma permits a conflict-free use of water by 
villagers. However, the resulting pattern of extraction of the storage is 
by no means efficient. Indeed, this is quite contrary to the popular view 
that the water management in village dams is efficient (see Chambers, 1977, 
p.104). The associated intertemporal inefficiency in extraction is due to 
the externality inherent in the exploitation of the village dam as a common 
property. Its resolution requires government intervention like other 
situations of market failure. An example has already been noted with 
respect to cropping systems improvement programmes in villages where the
water administration is vested with the research team. There are other
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instruments as well. The problem of commonality in village dams and 
related issues are the main concerns of this study. The nature of the 
common property problem is discussed in the next chapter.
1.5 Aims and Scope of the Study
This study examines in detail the management of a common propery 
resource looking at the water resource of village dams in Sri Lanka. 
Broadly, it concerns the efficiency issues of intertemporal allocation of 
the resource. The aims of the research have been spelt out in the 
Introduction. Their attainment involves the following steps:
(a) the determination of demand functions for water in both seasons; and
(b) the assessment of the storage which basically determines the supply 
function of water.
These requirements have to be fulfilled under the commonality as well as 
the efficient allocation schemes of the resource. Apart from enabling the 
determination of the allocation of water and associated benefits under the 
two schemes, the above functions also provide the optimal shadow price or 
use tax of water.
A subsidiary aim of the study is to assess the benefits that can be 
derived purely by the adoption of improved technology of rice, retaining 
the traditional (or commonality) allocation of water. For this purpose, 
the demand functions for water under the old technology need to be 
determined given the commonality allocation of water. Although this 
research concerns only rice, the nature of the problem remains essentially 
the same for other crops. Furthermore, the approach can easily be extended 
to a changed future demand situation. The analysis also accommodates the
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public good uses of water by the villagers.
A main component of the study is the empirical determination of the 
inefficiency involved in the common property exploitation of the resource 
in a real dam situation. Typically, the water storage in the dam is 
dynamic and stochastic. Dealing with the intertemporal allocation of such 
a dynamic and depreciating resource is an important virtue of this 
research. The allocation of water is implemented by two two-state discrete 
dynamic programming models. A notable feature of the whole approach is its 
modest requirement of field level data and its reliance on mainly climatic 
data for the development of demand functions. The approach also 
facilitates the display and the demonstration of the nature of the results 
for a number of rainfall situations. Despite the complexity and the large 
size of the problem, the optimization is managed with modest computing 
facilities. The approach can easily be adapted to study other village 
dams.
The village dam provides a unique case of a common-property resource 
which is replenished every year. Since the management problem recurs 
afresh every year in the same form, it offers scope for review and re­
examination of measures to resolve the common-property inefficiency. 
Inter-generational considerations encountered in many other natural 
resources are unimportant in the present case.
1 .6 Outline of the Thesis
This thesis is presented in nine chapters. It approaches the 
efficiency issues in the present management of village dams as a common- 
property. This investigation shows that the problems of this common- 
property resource are more complex than generally depicted in the
literature. Since the traditional extraction of the resource is
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harmonious, restricted to the villagers and devoid of adverse environmental 
effects, the existence of the inefficiency seems to have passed 
unrecognized.
Chapter 1 has introduced the topic of this thesis. However, its main 
purpose has been to introduce the village water resource and to point out 
the existence of the common-property problem in its present management. 
This chapter has also indicated how the general water problems and unsound 
policies have obscured the inherent inefficiency in village dams.
Chapter 2 undertakes the discussion of the nature of the management of 
the water resource as a common property. It interprets the present 
exploitation in terms of demand and supply curves. Practices actually 
adopted to harmonize the extraction are also described. A distinction 
between the gains due to improved technology of production and the 
potential gains from the resolution of commonality is also made. This 
chapter also briefly deals with the available solutions.
The determination of the associated efficiency gains is dealt with in 
Chapter 3* This undertakes the discussion and derivation of the efficient 
intertemporal allocation and the associated use tax of water. The analysis 
is carried out in a two-period framework using the concept of user cost. 
The accommodation of substitution possibilities and the interdependence 
between water and land inputs permits the derivation of meaningful demand 
and user cost functions for the water resource. It also provides for the 
determination of the efficient area of crop for any given amount of water. 
A four quadrant diagram is used to incorporate the natural depletion of the 
resource. A brief discussion on the distribution of efficiency gains is 
also included.
A prerequisite for the empirical resolution is the parameterization of 
the water storage and depletion. Chapter 4 deals with the methodology and
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the estimation of time series models for water storage based on a sample of 
weekly data on rainfall and water storage for selected dams. A stochastic 
simulation model for the case study dam is then developed and used to 
forecast water levels on a weekly basis for several years.
Chapter 5 deals with the methodological prerequisite for the 
determination of demand functions for water in the two seasons. These are 
derived from synthesized water-rice response functions. A simulation model 
of crop-irrigation systems permits the development of response functions. 
Crop response functions are also based on efficient intraseasonal 
distribution of any given amount of water. For this purpose, the 
simulation model of each season is placed within the framework of a two- 
state discrete dynamic programming model with thirteen weekly stages. The 
solution procedure involves the joint implementation of the two simulation- 
dynamic programming models and the water storage model.
The empirical results are presented and discussed in the next two 
chapters. In Chapter 6, using the basic simulation model of crop- 
irrigation system, the net social benefit and water-use under the old 
technology of production of rice using the traditional water allocation 
scheme are determined. For the improved technology of rice production, the 
corresponding results are obtained under the traditional as well as the 
efficient scheme of allocating water. The public good use of water is set 
as a parameter in all situations by setting an absolute minimum level of 
water in the dam at all times.
Using the above results, Chapter 7 computes the benefits to society 
from the improved technology alone and the potential efficiency gains. The 
use tax is also computed. The variability of the results over various 
years are examined. This chapter also outlines the distribution of
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^ isncy gains when a linear use tax is used to resolve the common propert-1 
problem.
Chapter 8 discusses relevant approaches and their prerequisites to 
implement the efficient intertemporal allocation of the water resources in 
practice. Earlier irrigation institutions as well as new ones are 
considered for the implementation. Chapter 9 provides a summary and a 
concluding note on the value and limitations of this piece of research and 
on the significance of the findings for policy.
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CHAPTER 2
THE COMMON PROPERTY PROBLEM AND SOLUTIONS
Introduction
The previous chapter identified the persistence of a water problem 
manifested in the form of inefficient intertemporal use of water resources. 
In strict contrast to the popular belief, it was also pointed out that the 
exploitation of the water resource in a village dam is also inefficient 
because of its commonality.
Common ownership and use of resources is associated with conditions 
which lead to a market failure, where conditions required for Pareto 
efficiency are not fulfilled (see Bator, 1958)* In general, spill-overs of 
common use have been ascribed as the root cause for the water problem. 
Perhaps, the earliest statement in economic literature of the congruity 
between commonality and the water problem is:
"Whether the water is pumped from a river, a lake, or from wells, 
the pumping usually takes place in common with many individuals 
pumpers. Spill-over costs arise when all of the costs of extra 
pumping do not fall upon the individual pumper but are borne instead 
by other pumpers in the same basin and by society in general. If the 
production of water were not in common, but private where the 
incidence of costs fell solely on the individual pumper, there would 
be no water problem as distinguished from the general problem of 
economizing' (Milliman, 1956, p.428).
However, depending on the type of resource, the spill-overs tend to be much
more extensive than the above general statement, ramifying into both the
demand and supply sides of the resource. This chapter examines and
elaborates, in a partial equilibrium framework, the spill-overs and the
associated inefficiencies in the exploitation of the village dams. Its
aims are:
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(i) to identify the nature and inefficiencies of spill-overs in both 
the extraction and the supply of the resource;
(ii) to assess the role of existing institutional arrangements in 
partially mitigating the inefficiencies; and
(iii) to discuss, at a conceptual level, alternative solutions to 
internalize the spill-overs and to eliminate the inefficiencies.
These set the stage for the derivation of the inefficiencies in Chapter 3* 
It is also interesting to note that the common property problem has 
parallels to those of the medieval open field systems.
It is often claimed that, in terms of organization and stability, the 
early village resembled one in the medieval open-field system in Europe. 
To quote:
"... the Dry Zone village had developed to the same level as any 
village organization as for example in rural England or Europe in a 
subsistence economy in prefeudal times. The basic difference in land use, 
crops and fertility maintenance technique are the result of differences in 
climate and soil types"
(Abeyratne, 1956, p.201)
Implicitly, it has also been believed that both of the above systems were 
efficient. Also, a recent analysis of the economics of open-field villages 
has shown that the enclosure movement did not increase the efficiency of 
production, but only led to a redistribution of the surplus (Allen, 1982).
The open-field village was built on common and private property. The 
villagers, a group of community members owned the village land, which 
consisted of common and arable portions. While the latter was privately 
owned and used for cropping, the non-arable was owned collectively. 
Privately owned cattle were grazed in the common (Dahlman, 1980). In 
comparison, land in the Dry Zone village consists of, apart from rice 
lands, chena lands which are owned in common but worked privately. As
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noted previously, the rice lands are owned and operated privately 
utilizing the common water resource.
The operation of the village chena land has been regulated and 
subjected to a rotation scheme in order to sustain fertility. In addition, 
with increasing population pressure, there are recent moves to block out 
chena lands and to assign private property rights. Although it is 
recognized that a comprehensive analysis would include the chena as well, 
it is considered beyond the scope of this study. Thus, the focus of this 
study is on the efficiency issue associated with the dam.
The remainder of this chapter is presented in six sections. In the 
first section, the common-property characteristic of the village dam is 
introduced. The second section deals with the theory of common property 
resource leading to the choice of a framework for the analysis of the water 
resource. The inefficiencies or welfare losses associated with the 
extraction of the resource are discussed in the third section. The fourth 
section discusses the inefficiencies involved in the supply of the 
resource. The available solutions to resolve these problems are discussed 
in the following section. This section also includes a discussion of the 
role of existing village institutions. Some concluding comments are 
presented in the final section.
2.1 Common-Property Problem
In common parlance, common property is all property that is owned in 
common and used in common (Dales, 1968, p.61). The inefficiencies due to 
undesirable spill-overs or external diseconomies associated with 
competitive extraction of these resources are popularly known as the 
common-property problems or the problems of commonality. Depending on the 
type of resource and surrounding institutions, the nature and the magnitude
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of the commonality problems vary widely. An understanding of these 
aspects is essential if appropriate policies for resolving the problems are 
to be devised.
2 .1 .1  Common-property resource: a. definition
The definition of common-property is complex. According to English 
Common Law it implies res communes or common. The economic meaning of 
common-property is res yyqllius, that is unowned privately or by the state. 
Excludability is an important criterion in the characterization of 
resources. Property held in common refers to resources owned by more than 
a single party but from which other potential users can be excluded. 
Access to a common-property resource is limited to the common owners, 
unlike unowned resources which give the right of free access to any person 
(Demsetz, 1967,  353;  Gould, 1972,  p .3 8 3 ;  Godwin and Shepard, 1979, p . 2 6 7 ) .  
Free-access resources are distinct from public resources which are owned by 
the citizenry through governmental institutions. These institutions 
exercise exclusion of sleeted users and uses and regulate the use of the 
public resources.
A village dam can be categorized as a common-property resource. The 
institutions surrounding the use of this resource are developed and 
enforced by the co-equal owners. The inefficiencies in the management of 
similar resources have been ascribed to a commons dilemma. This argument 
implies that under the prevailing incentive structures, individuals will 
behave in a way contrary to their collective interests. The inefficiencies 
associated with fugitive common-property resources, such as fishery, ground 
water basins and oil pools, are also referred to as common-pool problems 
(Milliman, 1956,  p .4 2 9 ;  Hirshleifer et al, 1969,  p . 5 9 - 6 2 ) .  A 'rule of 
capture' prevails in common-pool resources, where the agent receives the 
right to the resource only by extracting it. The riparian doctrine in
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water extraction is regarded as similar to the rule of capture in other 
fugitive resources. Under riparian right each owner of a parcel of land is 
allowed to extract as much water as he desires without regard to its effect 
on the owners of neighbouring parcels.
The problem posed by each common property tends to differ depending on 
its features as a natural resource as well as on the nature of management 
involved.
2.1.2 Characteristics of the Resource
Indicating whether a resource is exhaustible or renewable is not 
adequate to capture all important attributes of any natural resource. 
Having taken into account the aspect of management, Meade (1973) presented 
a typology which classifies resources into four groups, depending on 
whether they are maintainable or not and recyclable or not. For example, 
an exhaustible stock resource such as a mineral deposit is referred to as a 
non-maintainable resource, while land is defined as a maintainable 
resource. A non-maintainable resource may be recycled so that it is 
available for use in future. According to this framework, the water 
resource under consideration can be described as a non-maintainable 
resource which is recycled regularly, without human effort, by nature. 
Because of the latter aspect and because it is tied to rice land use, some 
tend to consider it as being just like land as a flow resource (see Kelso, 
1961). In this study, each year's storage of a village dam is considered, 
separate from land, as an exhaustible stock resource.
However, most of the common-property resources are renewable. 
Following the work of Ciriacy-Wantrup and Bishop (1975), Godwin and 
Shephard (1979) developed a four-cell typology of common-property 
resources. This is based on, first, whether a resource is ubiquitous or 
scarce; and second, whether it is stationary or fugitive. A resource
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which is scarce now could have been ubiquitous earlier. The water resource 
of a dam can be considered a scarce and a stationary resource, as distinct 
from river-water or ground-water which are migratory or fugitive. In this 
regard, it is somewhat comparable to common grazing lands or common 
forests. Yet, it is transient, though not migratory, like other water 
resources. Thus the problems of management of this resource could be 
expected to include those of the above two groups of resources.
Regardless of the type of water resource, institutions and policies 
are considerably influenced by the fact that all the above water resources 
serve largely the purpose of irrigation. It must be noted, however, that 
depending on the type of resource, the problems of its management are 
distinctly different.
2.1.3 A. comparison of different water resources
The village dam, like river-water or canal-water, constitutes a 
surface water resource. Pools of water in underground basins are 
comparable to oil-pools in many characteristics. In the case of ground 
water, the common owners do not know exactly how much water is in the basin 
nor the amount beneath their land holdings. Each one of them tap the basin 
through wells dug in his holding. Each owner has co-equal right and has a 
symmetric incentive structure for extraction. Although it is easy to 
envisage farmers holding titles to adjacent pieces of land, owning titles 
to water underneath the land is a different matter. Because of the 
migratory behaviour of the water it is difficult to identify ownership. 
Even if the total amount of water in the basin is known, still a single 
user cannot be certain of the amount.
River-water presents an asymmetric incentive structure for users. 
Upstream use will affect the downstream users, whereas the latter have no
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control. A similar situation exists in major irrigation schemes among 
users along the course of the canals. Village dams present an interesting 
case where the water stock at any time is known. Moreover, the extraction 
can be undertaken only through the sluice. Since the conveyance is 
gravitational the cost of extraction is small and remains constant. These 
strictly contrast with the situation of ground water. Besides, the 
incentive structure is symmetric for all users.
The water resource of a village dam is consumed as a private good and 
as a public or collective good. The scenic beauty of a dam can be enjoyed 
in common. In this role, the water resource can be regarded as a public 
good because first, the consumption by an individual in this form does not 
reduce the stock of water, and secondly, it is impossible to exclude anyone 
from partaking in the enjoyment. However, the consumption is non-rivalrous 
because first, the consumption by an individual does not prevent that of 
others, and second the consumption of an individual is not at the expense 
of that of others. A more important utility of this water resource to the 
village is derived from in-situ uses. In such uses, the resource functions 
as a quasi-public good because there is a partial exclusion in place, 
whereby potential consumers from outside the village are normally excluded.
In its utility for irrigation of crops, water functions as a private 
good because the use by an individual results in the reduction of the 
resource by an equal amount. Therefore the water for irrigation is 
marketable. While the quasi-public good purposes favour a conservation, 
the private good use involves withdrawals of water from the dam. These are 
competing multiple uses and presents a competing allocation situation. 
However, the in-situ uses are of an essential nature for villagers and the 
failure to meet them results in very high costs to the villagers. In this 
study, an absolute minimum storage in the dam is ensured throughout the 
year. The marginal benefit from in-situ uses from water beyond this level
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appears to be small. Thus, the concern of this study is the optimization 
of the remaining water stock for irrigation.
Marketability of water for irrigation is an important attribute for 
its efficient consumption. Another dimension is the property right of 
water. Where a good is subject to a common-property right system an 
unregulated competitive allocation can be inefficient because of 
undesirable spill-overs or diseconomies in consumption.
On the other hand, villagers enter into contractual arrangements to 
harmonize extraction. Although these are designed to reduce conflicts 
among users, still they have implications for the resolution of some of the 
problems of commonality.
2.1.4 Contracts and extraction decisions
The existence of a rent that can be redistributed by collective 
decision processes tends to induce expenditure of resources among villagers 
in such activities as meetings, synchronization of irrigations and so on. 
Avoiding conflicts in collective decisions can be costly. Conversely, it 
is important for such a system to evolve mechanisms to reduce the scope 
and costs of conflict. These mechanisms result in some form of contracts 
among villagers. The key elements of present contractual arrangements are:
(i) the separation of the Wet Season allocation from that of the Dry 
Season, assigning priority for the former;
(ii) the avoidance of conflict among villagers in the Dry Season, 
where the supply of the resource is low, by a restraint on the 
area irrigated; and
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(iii) permitting the use of water until its VMP is zero by letting each 
user tap water generously, whenever the sluice is opened, to fill 
the field and in which the sluice is opened whenever a single 
holding is empty of standing water.
The first feature effectively avoids interseasonal conflicts, the second 
and the third aspects preclude any interpersonal conflicts. Since the 
irrigations are carried out frequently and since on each occasion the 
extraction is excessive, as all the holdings are irrigated, the practice 
leads to a rapid depletion of the storage.
When considered alone the Wet Season extraction will not lead to any 
interpersonal conflicts as the storage is sufficient for all holdings for 
maximum gain (i.e. VMP=0). When there is a very high level of water, in 
addition to the purana land, akkara land is also brought under cultivation. 
Usually, the whole purana rice land is brought under cultivation in the Wet 
Season. It must be noted that these arrangement still preserve the 
interseasonally inefficient allocation. This contracting accommodates the 
inefficiency of common-property extraction and institutionalizes it. 
Because of the absence of conflicts the extraction is harmonious. This 
contracting persists as ex-post informational asymmetries are absent and 
transaction costs are small because of the homogeneity and the modest size 
of the village.
The attainment of efficiency in the extraction requires the 
accommodation of competing uses and users in the decisions. Non­
conflicting allocation of the resource preserves the socially inefficient 
intertemporal extraction inherent in the common-property exploitation of
the resource.
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2.2 The Theory of Common-Property Resource
Economists have devoted attention to common-property problems only 
over the past three decades. As noted earlier, the problem encountered in 
the common use of a village dam is structurally similar to those of many 
other common-property resources. It is also similar to congestion of 
common facilities, where the issue is the efficient allocation of space. 
It must, however, be noted that these common-property problems are 
different from those of common-property environments such as pollution. 
Whereas the latter is concerned with putting something (pollutants) in, the 
former is concerned about getting something out of the common-property 
resource (Hardin, 1968, p.1246).
However, the present understanding of both kinds of common-property 
problems are based on the concept of externalities.
2.2.1 Relevant externalities^
An externality is said to be present in an economic activity when the 
following two conditions hold simultaneously: first,
whenever the activity in the form of production and consumption affects the 
production and utility level of other producers or consumers; second, the
effect is unpriced or uncompensated. Often the first one is referred to as 
the interdependence condition while the second is called the non-price 
condition. If only the interdependence exists, but the effect is priced, 
then the externality is said to be internalised.
^Public good consumption externalities of the water resource are not 
dealt with in this study. They are considered not to pose any serious 
problem as the storage is ubiquitons for the in-situ purposes.
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When production and consumption activities are separated, all 
externalities can be grouped into four: namely, production-production,
production-consumption, consumption-consumption and consumption-production 
externalities. All the externalities of a production activity will fall 
into the first two groups above, whereas the last two groups will ecnompass 
the possible externalities of a consumption activity. However, depending 
on the nature of the activity, an externality may be named distinctively.
Often in relation to the exploitation of natural resources, the terms 
extraction, production and consumption are used as though they were 
synonymous. The externalities or spill-overs associated with common 
extractive resources are referred to as a depletable externality, where the 
extraction of one agent reduces the expected size of harvest for others 
(Baumöl and Oates, 1975, p . 2 2 ) .  The depletable externality associated with 
the common water resource is a Pareto-relevant externality as it prevents 
the necessary conditions for Pareto-optimality being satisfied. In other 
words, there is scope for making one party better off without the other 
party being made worse off by modification of the existing behaviour (see 
Buchanan and Stubblebine, 1962 ) .  Following Mishan (1969)  and Baumöl and 
Oates (1975 ,  p p . 1 7 - 1 8 ) ,  a Pareto-relevant externality may be defined to
satisfy the following two conditions:
(i) some individual's (A's) production relationships include real 
variables whose values are chosen by others without particular 
attention to the effects on A's welfare; and
(ii) the decision maker whose activity enters others' production 
functions does not receive (pay) any compensation for his 
activity an amount equal in value to the resulting marginal 
costs (benefits) to others.
In the case of village dams, there is a specific number (n) of
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villagers (or agents) exploiting the common resource. None can really 
prevent the others from drawing water, but every unit obtained by one of 
them means that there will be that much less remaining for others or for 
use in future. The associated externality is similar to that in oil 
extraction by a number of firms from the same oil field (see Head, 1 962, 
pp.197-219). Besides, the costs of extraction of others can also be 
affected. Thus, while extracting a common-property resource, each user 
imposes a diseconomy on the other co-owners of the resource. It is known 
as a reciprocal externality (Davis and Whinston, 1962).
As a consequence,there is an excess of social over private costs 
leading to market failure, where the market allocation of the resource is 
non-optimal (see Bator, 1958). When social and private costs diverge, 
Paretian inefficiency occurs because the agents are generally guided by 
their private costs of extraction and not by the social cost. This appears 
to be so because a co-owner acting on his own self-interest will be 
expected to maximize his immediate private gains from the resource.
2.2.2 Theoretic framework
Contemporary economic analysis of the dissipation of rent in the 
exploitation of common-property resources owes much to the original 
analysis of the economics of common fisheries of Gordon (1 954) and Scott 
(1955a). Smith (1968), embodying their ideas, has developed a general 
model and applied to a range of common property resources such as 
fisheries, timber and petroleum (see also Cummings and Burt, 1979). 
However, a remarkable contribution which stimulated much discussion of 
other common-property resources is due to Hardin (1968).
In his influential paper, Hardin directed attention to common grazing 
lands and highlighted the imminence of the 'tragedy of commons'. This is
50
considered by many as the classic statement of the incentives facing 
herdsmen grazing their livestock in a village pasture:
"... the rational herdsman concludes that the only sensible course for 
him to pursue is to add another animal to his herd. And another; and 
another.... But this is the conclusion reached by each and every 
rational herdsman sharing a commons. Therein is the tragedy. Each 
man is locked into a system that compels him to increase his herd 
without limit - in a world that is limited. Ruin is the destination 
toward which all men rush, each pursuing his own interest in a society 
that believes in the freedom of the commons. Freedom in a commons 
brings ruin to all." (Hardin, 1 968, p.1244).
Gordon and Scott illustrate a similar incentive structure: that 
wealth free for all is valued by none because he who is foolhardy enough 
to wait for its proper time of use will only find that it has already been 
taken by another. Typically, this also depicits an inherent uncertainty 
which leads to the inefficient use of a common resource. Another aspect 
relates to costs. While an individual reaps the benefits of his action, 
the cost is shared by the whole group. A third element is that the agents 
acting on self-interest are lured by a symmetric pay-off or benefit for 
their action. This leads to a situation where the individual rationality 
and collective rationality are in conflict. This phenomenon is popularly 
known as the commons dilemma.^
As a consequence, a common-property resource is over-used because the 
common users ignore the negative externalities of their exploitation of the 
resource. A single ownership would lead to efficient use because the 
external effects would then be internalized. These are the main thrusts of
the theory of common-property, which rests on the following assumptions:
2A series of papers on aspects of common dilemma is found in Hardin annd 
Baden (1977).
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(a) that right to use the resource is vested in many individuals who
act independently without any regard for others;
(b) that the future supply of the resource is determined by its
natural growth rate which is dependent on the current 
consumption; and
(c) that investment is not possible in these resources for 
technical or political reasons;
Common-property models incorporating these assumptions indicate that 
there is inefficiency in both the consumptive use of the resource and in 
its production. In reality, however, the validity of all the assumptions 
is questionable in the case of many resources. Nevertheless, a model 
embodying all the above assumptions offers a good benchmark against which 
to assess a particular case. By relaxing the assumptions an appropriate 
model can then be synthesized to suit the individual example in question. 
Fortunately, a stylized model to analyse the exploitation of common water 
resource has already been provided by Milliman (1956).
2.2.3 Milliman's model
Milliman (1956, p.429) highlighted that the economics of water
extraction is closely related to the oil-pool case because the producers 
are exploiting a common supply. Furthermore, he has identified the water 
problem as nothing but the problem of the common.
Milliman's analysis adopts the first and the third assumptions 
discussed in relation to common-property resources, while allowing for an 
exogenous replenishment of the resource. He recognized two major spill­
over costs. The first is that each pumper at the common source of supply 
has no incentive to maximize the present value of total extractions over
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time because he has no property rights which are valid in the future. Each 
producer has the incentive to pump as long as the current marginal returns 
exceed his current marginal costs with the result that the future values of 
the remaining supply is ignored. This type of spill-over cost is important 
when the supplies of the resource is exhaustible such as a year's water 
storage in the dam. As a result, the resource will be over-utilized. In 
the case of ground water basins, this, in turn, can lead to other 
irreversible problems such as intrusion of salt water which could 
potentially destroy the value of the resource.
The second type of spill-over costs results when one pumper lowers the 
level of the pool and thus part of the cost of extra pumping lift is then 
borne by all of the common pumpers. The extra pumper is not faced with the 
total cost of his action but bears only the part of it which falls on him. 
Clearly, because of these two spill-over costs, the extraction of the 
resource will tend to exceed the efficient level because the decision 
makers do not bear all the costs attributable to their production 
decisions. In the case of village dams, the first type of spill-over costs 
can be expected to be predominant.
Unlike the harvests of many other common-property resources, water 
serves as an intermediate product because it is then engaged in the 
agricultural production process. Co-owners' valuation of the water is 
represented by its value of marginal product as shown in Figure 2.1. This 
captures the essential features of Milliman's model. Current private 
competitive exploitation is given by Q', where the marginal private cost is 
equal to the value of marginal product of water. However, at this 
production, the marginal social cost is higher than the VMP. The efficient 
level is given by Q*, the over-use being (Q' - Q*), which involves a loss 
of welfare of CDE. A current over-use in the case of an exhaustible
resource also implies a rapid use of the resource. Alternatively, the
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implementation of an efficient intertemporal use of the resource should 
resolve the problem of commonality automatically.^
In addition to over-utilization and rapid depletion of the water 
storage, a large amount of resources is also engaged in the extraction. On 
the supply side, commonality leads to an underinvestment in the maintenance 
of the structures of the dam. A sub-optimal investment occurs in gathering 
information regarding the augmentation and the efficient utilization of 
water. These are elaborated in the next two sections extending Milliman's 
model.
2.3 Demand-side Inefficiencies
In dealing with the exploitation of a resource stock in a single time- 
period setting, the first spill-over would be absent. Such a situation 
would hold, for instance, when the Dry Season production is technically 
infeasible. In such a case, the second spill-over would induce an over­
utilization of the resource relative to other goods. On the other hand, in 
a two (or more) time-period setting, even in the absence of the second 
spill-over, two effects can be discerned. The first one is an over-use of 
water currently at the expense of future benefits. The second consequence, 
which follows from the first one, is a rapid depletion of the resource 
relative to future period(s). The second spill-over is attributable to 
contemporaneous inefficiency, while the first spill-over accounts for the 
intertemporal inefficiency in the extraction of the resource. Obviously, 
both inefficiencies will occur when both spill-overs are present. In 
addition to these losses of welfare, inefficiently large amounts of 
resources would be spent in the appropriation of the resource. Also,
 ^ For ground water, this has been analysed rigorously and the nature of 
the price of water for efficient extraction has been derived elsewhere (see 
Burt, 1964; and also Brown and McGuire, 1 967). For a treatment of 
intertemporal exploitation and pricing of exhaustible resources in general, 
see Hotellin g(l939), and Weinstein and Zeckhauser (1975)«
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FIGURE 2.1
MILLIMAN'S MODEL OF EXPLOITATION 
OF A COMMON WATER RESOURCE
Price or 
cost per 
unit
Efficiency cost
(p*-t)
rMP (=MSB)
Water Quantity
Source: Adapted from Milliman (1956, p.434).
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inefficient water control methods and uses would be prevalent.
These demand-side inefficiencies are examined in detail in the 
remainder of this section.
2.3*1 Over-utilization and implications
When the second type of spill-over is present, villagers extract and 
use a non-optimally large amount of the water resource relative to other 
factors of production. The over-utilization in the Wet Season is 
illustrated in Figure 2.2 using linear demand and cost functions.
For each co-owner, the marginal private cost (MPC) of appropriating 
(and consuming) water is equivalent to the average cost for the group of 
villagers, as each owner ignores the effects of his consumption on the cost 
faced by others. Such costs could include any increase in the cost of 
tapping water as a result of falling storage levels and also that due to 
flooding and other damages to others’crops. Falling water levels due ,to 
extraction could also impose a cost on the group by impairing public good 
uses. An extraction could lower the level of water below the threshold 
amount required for in-situ uses and could inflict costs on all. In this 
regard, the permissible amount of extraction at a particular time depends 
on the stock in the dam.
Whereas the efficient level of utilization is Q*, the whole village 
extracts Q' units of water, where the average cost equals the marginal 
social benefit. The additional consumption (Q'-Q*) results in a dead 
weight loss to the common-owners equivalent to the area LMN. It decreases 
as the elasticity of demand for water in agriculture declines driving (Q'- 
Q*) towards zero. It disappears altogether under a perfectly inelastic
demand.
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FIGURE 2.2
OVER-UTILIZATION OF THE WATER RESOURCE 
AND THE EFFICIENCY COSTS
Benefit/ 
costs 
per unit
efficiency costs
MSB (=VMP)
Water Quality
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It may also be noted that the claim of efficient utilization of water is 
justifiable under the assumption of fixed input technology as this implies 
an inelastic demand. Similarly, the welfare loss also decreases and 
disappears when the difference between the average cost and marginal cost 
diminishes.
It appears that the divergence between the above marginal and average 
costs of consumption in the Wet Season is not significant for three 
reasons. First, the cost of extracting is not influenced by the stock in 
the dam because the water is extracted by gravitational flow. This is in 
strict contrast to the case of ground water, which involves increasing 
costs of pumping up as the stock is depleted. Secondly, the storage level 
in the dam is high relative to the extraction at a particular time and 
hence in-situ uses of the dam are not impaired. Finally, the damage 
inflicted by an individual on others by flooding their fields in the 
process of irrigating his crop is negligible. This is particularly so 
because rice is not susceptible to damage by flooding. It may be noted 
that all the above reasons, except the second one, appear to hold even in 
the Dry Season when considered in isolation.
An important implication to the choice of crops for the rice land also 
follows from the above reasoning. Efforts to improve cropping systems in 
this land via substituting rice by highland crops would be futile under 
common ownership of the dam. Although most of the highland crops yield 
higher values than rice per unit of water, they are generally prone to 
flood damage. Introducing such crops can lead to a divergence of the 
marginal and average costs resulting in a loss of welfare. Obviously, rice 
performs as the 'efficient crop' under the common ownership of the dam. 
Conversely, to be efficient, the introduction of a flood-susceptible crop 
has to be accompanied by a changed ownership of the resource.
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From the foregoing discussions it is clear that, given only the second 
spill-over, water is utilized at the efficient level in the Wet Season. 
However, this is not true when the first spill-over is present.
2.3*2 Rapid depletion
The main thrust of Milliman's analysis is that, given the alternative 
opportunity of use in future, common owners utilize too much water 
currently. By implication, a stock resource is depleted at a faster than 
optimal rate and will be exhausted early. Extending this result to the 
resource under consideration, the over-exploitation in the Wet Season 
relative to the Dry Season is illustrated by Figure 2.3* This is based on 
the assumption that the second spill-over of Milliman's model is absent or 
unimportant.
In this two period model, the efficient utilization of the water 
resource is realized when the total benefit of the Wet Seasons and the 
discounted benefit of the Dry Season are maximized. This occurs when the 
benefit of the marginal unit of the resource in the Wet Season is equal to 
the discounted benefit that is sacrificed as a result of its non-use in the 
Dry Season. The efficient amounts of exploitation for the Wet Season and 
the Dry Season are given by and respectively.
In the Wet Season, common owners use amount of water because the 
potential benefits from use in the Dry Season is not taken into account 
fully by any co-owner because of the lack of property rights for such 
benefits. The over-use, (Q'-Q*) yields a welfare gain equivalent to the 
area of the triangle ABC. As a result of the over-use, only amount 
of the resource is utilized in the Dry Season, whereas the efficient amount 
is The under-use in the Dry Season, (Q^ü)-Q(|ii)) » imposes on the 
common owners a welfare loss equivalent to DEFG. Overall, the efficiency 
cost is given by the area of (DEFG - ABC).
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FIGURE 2.3
RAPID UTILIZATION OF THE RESOURCE 
AND ASSOCIATED EFFICIENCY COSTS
1. Wet Season
Benefit/ 
costs 
per unit
Benefit/ 
costs 
per unit
[ ■  FlSC(i>]
Water Quantity
2. Dry Season
(ii)]
Water Quantity
Efficiency costs to co-owners = ( DEFG - ABC )
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It must be noted that the water unexploited in the Wet Season 
diminishes in quantity due to evaporative forces before its extraction in 
the Dry Season. It may be confusing to the reader to see, in Figure 2.3, 
separate marginal social benefit curves for the two allocation situations 
in the Dry Season. For the moment, it will suffice to say that it is 
because of two reasons. The first is the presence of a non-linearity of 
the storage-evaporation in the dam. The next is that for each stock of 
resource there is an optimal area of crop and hence a different social 
benefit function for the Dry Season. These reasons will become clear in 
Chapter 3*
At this point, it is interesting to look again at the validity of the 
general belief that it is efficient to irrigate the rice crop as much as 
possible in the Wet Season. From an efficiency standpoint, this can only 
be justified so long as (DEFG - ABC) is negative. Although this is an 
empirical issue, there is reason to believe that it is not so and there is 
a substantial efficiency loss by rapid depletion.
The over-utilization of water in the Wet Season is associated with an 
over-investment of resources in its extraction.
2.3.3 Investment of resources in extraction
Figure 2.4 illustrates the nature of the over-investment of resources, 
such as labour, in appropriating the water resource.
The productivity of labour in appropriating water is determined by the 
effort expended in queuing up for the sluice and in transporting the water 
via the channel. For each common owner, the marginal product of labour is 
the average product for the group of villagers, because each co-owner 
ignores the effect of his additional labour on the productivity of the 
labour of other owners. When one spends more time tapping water, all
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others have to wait and work longer for their water. Thus common owners 
would spend h' units of labour, whereas the efficient level is only h*. An 
efficiency cost equivalent to the area of XYZ is incurred as a consequence 
of the over-use of labour of (h'-h*). It diminishes as the labour becomes 
increasingly inelastic, which is the case during the Wet Season where 
villagers also engage in chena agriculture. It also disappears when water 
extraction has a constant return to scale.
In reality, the size of this inefficiency appears not to be as 
important as in the case of a common fishery. In part, this is due to the 
nature of the resource and partly it can be attributed to the coordination 
of extraction by villagers. Thus, even in the Dry Season, where labour is 
relatively elastic because of the absence of other agricultural activities, 
over-investment of efforts does not appear to be significant.
Apart from the issue of resource allocation for extraction, common 
owners are induced to apply inefficient methods of water control during 
irrigations with the result that water is wasted. Also, the common owners 
adopt water-intensive cultivation practices such as muddying the rice land, 
using standing water as a substitute for other weed control methods and so 
on. All these are attributable to the fact that a common owner does not 
bear the full cost of his use and that he has no exclusive property rights 
over any future benefits.
2.4 Supply-side Effects
Common property inefficiencies on the supply side of the water 
resource manifests mainly in the form of: (i) consistent under-investment 
for the annual maintenance of the structures of the dam; and of (ii) below 
optimal investment on gathering information regarding practices that would
augment both the resource base and its value.
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FIGURE 2.4
OVER-INVESTMENT OF LABOUR 
AND OTHER RESOURCES IN THE 
APPROPRIATION OF WATER
Benefits/ 
costs per 
unit
efficiency costs
(=MSC)
(=ASB)
(=MSB)
Quantity of labour (and other resources)
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2.4*1 Maintenance of structures
Although the replenishment of the resource is exogenous, its receipt 
and an unhampered utilization necessitate regular investments towards the 
maintenance of the dam's structures. Among the list of maintenance works 
are the reinforcement of the bund, the desilting the dam-bed, and the 
repair of sluice and irrigation channels. All these production activities, 
completed during the driest part of the year, contribute to an unimpaired 
storage facility. Since the water storage plays the role of a public good 
for in-situ purposes and as a private (common-property) good in irrigation 
uses, the efficiency of maintenance investments needs to be examined in 
both contexts. First, let us examine the nature of voluntary provision of 
the public goods.
Through the maintenance investments, villagers provide a public good 
for in-situ uses. Apart from this, they provide themselves with another 
equally important public good in terms of preventing potential damages to 
the whole village as a consequence of breaching of the dam-bund. The above 
two public goods can be referred to as the 'In-situ facility' and the 
'damage-prevention' respectively. It appears that, when contributed 
voluntarily, investments in such activities are inefficient and, as a 
result, there is an under-provision of the above public goods.
In characteristics, the in-situ facility is representative of a 
standard public good where the quantity of the public good is the sum over 
all individuals' contributions. However, this condition does not hold in 
the case of the damage-prevention public good. It appears that the latter 
falls into a class of public goods called the "weakest-link" (Hirshleifer, 
1983). In this case, the total quantity of the good available for each 
villager is equal, not to the sum of contributions, but to the smallest of
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all individual contributions.
When the dam fills up, on the one hand, the stock of the resource 
increases. On the other, it poses an increasing danger to the village area 
lying below the dam in the event of a breach of the bund. The only 
protection is afforded by the bund. All the villagers have a joint 
responsibility for its repair and maintenance. As a practical matter, each 
co-owner can undertake the task of reinforcing a segment of the bund. Each 
segment need not be of the same length and a variety of principles can be 
adopted in dividing the bund. One is the size of each holding relative to 
that of the whole block of rice land. Each villager contributes to the 
state of repair, height and so on of his section of the bund. In this 
particular situation, the total contributions towards the protection are 
unimportant. The level of protection enjoyed by all is determined by the 
least well maintained section of the bund. An individual would not choose 
to invest and rebuild his section of the bund any better than other 
segments. If he does invest, he would only incur additional costs without 
generating any benefit to anyone.
This case is parallel to the hypothetical 'dyke maintenance' example 
presented by Hirshleifer. Taking a two person economy, he shows that the 
voluntary provision of this public good, at equilibrium, is below the 
Pareto-efficient level. Nevertheless, it has also been shown that this 
equilibrium is stable as there is no incentive for any co-owner to defect 
from making his contribution.
It is also well known that in the case of the standard summation 
public good, such as the in-situ facility, the equilibrium output is below 
the efficient level. Each co-owner tends to cut-back his contributions to 
this good and to free-ride on those of others. Furthermore, the under­
provision of the public good also increases, both in absolute as well as in
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relative terms, as the population increases (see Chamberlin, 1976; 
Hirshleifer, 1983). Thus, it may be surmised that in general, there is 
bound to be increasing levels of under-investment for the above public 
goods over time as the population of the village grows. This exacerbates 
the inherent problem of under-investment in common ownership and 
utilization of the resource for irrigation.
The investment by common owners in the maintenance of the dam and 
hence for the supply of irrigation water is illustrated with the aid of 
Figure 2.5* The efficient level of investment is given by k*, where the 
marginal cost equals the marginal social benefit. However, the benefit of 
investing to any one co-owner is only a fraction of the total benefit of 
investment because other owners will capture most of the benefit. If all 
the co-owners are equal, then the marginal benefit to a single co-owner is 
only (l/n)th of the total marginal benefit. The actual investment, k', is 
lower than the efficient level and the associated dead-weight loss is given 
by the area XYZ. If it involves large initial costs, an investment will 
not take place at all resulting in a much larger loss. Almost certainly, 
such a situation will occur with a rise in village populatiion as this 
drives the share of marginal benefit to a smaller amount. On the other 
hand, the dead-weight loss decreases as the elasticity of either the 
marginal cost curve or the marginal benefit curve declines. It disappears 
altogether if either of these curves are inelastic in the relevant range. 
Obviously, it will also disappear when the dam is under single ownership. 
Under a realistic common-property situation, there will be an under­
investment in the supply of the water resource for irrigation.
From the foregoing discussion, it is clear that a persistent under­
investment in maintenance of the common dam could lead to a thus far 
unfamiliar tragedy, quite different to the one highlighted by Hardin 
(1968). That is the ruin of a village economy.
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FIGURE 2.5 
UNDER-INVESTMENT IN 
MAINTENANCE OF THE DAM
Benefits/
costs
efficiency cost
Investment in supply of water
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The inefficiency of voluntary investment in the maintenance of the dam 
for the above public and private good purposes has perhaps been realized 
since early times. In the pre-colonial period, the maintenance investments 
were provided collectively under a system called 'rajakarya' (meaning 
service to the crown) where all the villagers were required to contribute 
their labour for the maintenance activities. It is believed that the 
provision had been efficient under the system which was abolished in 1832 
by the British colonial government. Generally, the abolition of 
'rajakarya' is adduced as the major reason for the bad state of repair and 
the breaching of dams in the period that followed (see Abeysinghe, 1982). 
On the other hand, if this claim is true it points to the fact that an 
efficient level of investment cannot be ensured without enforcement. A 
system similar to 'rajakarya' was not revived in independent Ceylon. 
Instead, the maintnenace of structures of the dam have been taken over 
gradually by the State and at present all maintenance investments are made 
by the state at no cost to the beneficiaries.
In comparison to the structures of the dam, the conveyance channel 
presents a different incentive structure.
2.4.2 Investment on maintenance of the channel
Water tapped at the sluice by a co-owner is conveyed by a common 
channel to his rice-land(s). Typically, the rice land is parcelized as 
strips parallel to the bund, each parcel stretching to the whole width of 
the block. Within each parcel, there are bunded plots. Each villager, who 
is also a co-owner of the dam, privately owns one or more such parcels.
The channel traverses through the middle of the block of land, from 
the sluice gate cutting through all the holdings up to the most distant 
one. As a result, a segment of the channel neatly falls within each
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holding. Typically, the owner of a parcel of land close to the distal end 
of the block will be affected by the upkeep of the channel upstream land 
owners, whereas an upstream user is likely to be unconcerned about the 
maintenance of the downstream user segment of the channel as it does not 
affect them. This asymmetry can cause inefficiencies in investment in the 
maintenance of the channel. Normally, an upstream owner will invest up to 
the extent that the rice crop is unaffected by flooding, he will not be 
concerned about minor breaches of the bund while being used by a downstream 
user. For the latter, breaches upstream means loss of water. As a 
result, the marginal cost for the downstream is likely to be higher than 
his counterpart upsteam. This asymmetry is counteracted to a large extent 
because of the fact that almost all the villagers own parcels of land in 
the proximal, middle and distant parts of the field. Thus, the marginal 
cost of investment on the channel of an upstream parcel tends to be higher 
than the marginal benefit to the corresponding parcel. This is so because 
this marginal cost is equated to the marginal benefit in the particular 
parcel plus the additional benefits to his parcels in the middle and the 
distant parts of the block.
Thus,because of the nature of the layout of the holdings with respect 
to the channel and because of the dispersion of ones holdings in different 
distances from the bund, the investment in maintenance of the channel can 
be expected to be relatively efficient.
2.4.3 Investment on information
The foregoing discussions on the behaviour of common owners of the 
resource have implicitly assumed that they all have perfect information 
about the resource. The truth is that only limited information about the 
common-property resource is available. The co-owners tend to under-invest
on information that could increase the value of the resource to the
69
community. Relevant information falls into two categories: that 
influencing the physical quantity of water; and that increasing the 
productivity of water in the rice land. Information on increasing the 
available resource includes aspects of reducing losses due to damaged 
structures and also aspects that reduce maintenance costs of the channel. 
Unattended leaking sluices are a common sight in many village dams. A co­
owner, even if he knows about measures to stop such leakages, remains 
unconcerned because the benefit do not accrue to him fully. Also, the 
optimal time of planting the crop to effectively use the rainfall and 
augment the resource base is not known. The efficient amounts of water to 
use in the various seasons and the rate of use at various times during the 
seasons are also not known.
Similarly, a common owner does not gather information on methods of 
using water effectively. It is sometimes claimed that the villagers adopt 
muddying and other water-intensive land preparation operations because of 
the lack of knowledge of alternative dry-seeding and other techniques. An 
underlying reason for the lack of knowledge is because the incentive 
structure is such that the co-owners spend too little resources in 
gathering such information. Even if somebody has such knowledge, he fails 
to put it into practice because most the benefits of his action, in terms 
of the water-saved and so on, are derived by others. A similar reasoning 
can be extended to the slower adoption of improved varieties of crops that 
raise the value of water.
The dearth of information and the lack of incentive to gather them 
have other far-reaching implications. Most importantly, the water 
resource cannot be exploited efficiently. Besides, the effectiveness of 
agricultural extension services in increasing the adoption of desirable 
techniques would be reduced generally. In particular, measures designed to 
augment the water resource base and to increase its productivity would be
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hampered by the common-property ownership. Therefore, this ownership will 
undermine the aims of the ongoing Cropping System Research Programme which 
proposes to achieve precisely the same objectives.
2.5 Conceptual Solutions
An assessment of the alternative solutions at a conceptual level 
facilitates the choice of a set of procedures, for the actual resolution of 
the problems. From the preceding discussions, two major common-property 
problems have surfaced, one each in the demand and the supply sides. The 
respective problems are:
(i) a rapid exhaustion of the resource with a bias towards 
consumption in the Wet Season; and
(ii) an under-investment in the maintenance of the dam's bund and 
other structures.
As noted already, efficiency in the latter has now been restored through 
public investments for the upkeep of the dam. On behalf of the State, the 
Irrigation Department undertakes the maintenance works.
The first problem remains to be resolved. A number of solutions are 
available, each one involving a different set of costs. In fact, for 
certain situations, a common-property solution itself has been prescribed 
in the past. Leaving the cost aspect aside, a common-property management 
appears to have been appropriate in early times, but less so at present. 
This is discussed briefly before examining other possible solutions.
2.5*1 Early common-property management
Whether a property rights system is appropriate or not to the 
situation does not necessarily have connotations for efficiency. For a
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u b i q u i t o u s  r e s o u r c e ,  i s s u e s  o f  e f f i c i e n c y  a r e  i r r e l e v a n t  a s  i t s  u s e  d o e s  
n o t  i n v o l v e  t h e  s a c r i f i c e  o f  an a l t e r n a t i v e  o p p o r t u n i t y .  When a r e s o u r c e  
i s  n o t  s c a r c e ,  c o m m o n - p r o p e r t y  s e e m s  t o  be t h e  n a t u r a l  p r o p e r t y  r i g h t  
( D e m s e t z ,  1 9 6 7 ) .  I t  a p p e a r s  t h a t  v i l l a g e  dams c o n f o r m e d  t o  s u c h  a 
c h a r a c t e r i z a t i o n  u n t i l  t h e  e a r l y  t w e n t i e t h  c e n t u r y .
At p r e s e n t  a v i l l a g e - d a m  i s  c o m p a r a b l e  t o  a s c a l e d - d o w n  m a j o r  
r e s e r v o i r  sy s tem  i n  t e r m s  o f  e n g i n e e r i n g  d e s i g n  and s o p h i s t i c a t i o n .  I t  i s  
a t t r i b u t e d  t o  a c o n c e r t e d  p r o g r a m m e  o f  s c i e n t i f i c  r e n o v a t i o n  o f  v i l l a g e  
dams commenced i n  1923 by t h e  I r r i g a t i o n  D e p a r tm e n t  ( s e e  Arumugam, 1959)» 
A n o t a b l e  f e a t u r e  o f  t h e  r e n o v a t i o n  i s  t h e  p r o v i s i o n  o f  w e l l - d e s i g n e d  
c o n c r e t e  s l u i c e s .  B e f o r e  t h e n  m o s t  o f  t h e  dams had  p o o r  r e g u l a t o r y  
s t r u c t u r e s  o r  n one  a t  a l l .  C o n s e q u e n t l y ,  w a s t e f u l  a p p r o a c h e s  ha d  b e e n  
a d o p te d  to  e x t r a c t  w a t e r  f rom t h e  dam. T h i s  i s  e v i d e n t  f rom t h e  f o l l o w i n g  
p a s s a g e  o f  a c o l o n i a l  a d m i n i s t r a t o r :
" . . . .  B e lo w  t h e  h u t s  t o  t h e  e a s t  o f  t h e  v i l l a g e  l a y  t h e  t a n k ,  a l a r g e  
s h a l l o w  d e p r e s s i o n  i n  t h e  J u n g le .  Where t h e  d e p r e s s i o n  was t h e  d e e p e s t  t h e  
v i l l a g e r s  ( a b o u t  t e n  f a m i l i e s )  had  r a i s e d  a l o n g  n a r r o w  bund  o r  mound o f  
e a r t h ,  so t h a t  when t h e  r a i n  f e l l  t h e  t a n k  s e r v e d  a s  a l a r g e  pond i n  which  
t o  s t o r e  t h e  w a t e r .  Below t h e  bund l a y  t h e  s t r e t c h  o f  r i c e - f i e l d s ,  a bou t  
t h i r t y  a c r e s ,  w h i c h  t h e  v i l l a g e r s  c u l t i v a t e d ,  i f  t h e  t a n k  f i l l e d  w i t h  
w a t e r ,  by c u t t i n g  a h o l e  i n  t h e  bund, t h ro u g h  which  t h e  w a t e r  f rom t h e  t a n k  
r a n  i n t o  t h e  f i e l d s . "  (Woolf ,  1913, 1974 e d i t i o n ,  p.6).
I t  a p p e a r s  t h a t  g e n e r a l l y  t h e  w a t e r  u s e  was  w a s t e f u l  b e c a u s e  t h e  
p r a c t i c e  s i m p l y  f l o o d e d  t h e  whole r i c e  l a n d  on each  i r r i g a t i o n .  D e s p i t e  
t h e  f a c t  t h a t  t h e r e  c o u l d  h a v e  b e e n  some s y c h r o n i z a t i o n  o f  t i m e s  o f  
i r r i g a t i o n ,  c e r t a i n  h o l d i n g s  w o u l d  h a v e  r e c e i v e d  u n d e s i r e d  i r r i g a t i o n s ,  
w h e n e v e r  t h e  dam was  t a p p e d .  U n d e r  s u c h  c i r c u m s t a n c e s ,  a u s e r ,  on 
e x t r a c t i n g  w a t e r ,  cou ld  have been  con c e rn e d  a b o u t  o t h e r s  to  t h e  e x t e n t  t h a t  
h i s  a c t i o n  does no t  harm them by f l o o d i n g  t h e i r  r i c e  l a n d s ,  r a t h e r  t h a n  by 
s u b s e q u e n t  s a r c i t y  o f  w a t e r .  R i c e  i s  p e r h a p s  t h e  m o s t  s u i t a b l e  c r o p  f o r
such a f l o o d i n g  sy s te m .
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U n t i l  t h e  l a t e  n i n e t e e n - f o r t i e s  t h e  c u l t i v a t i o n  o f  a s i n g l e  c ro p  o f  5 -  
6 m o n th  o l d  o f  r i c e  i n  t h e  Wet  S e a s o n  was  t h e  no rm .  S h o r t - a g e  v a r i e t i e s  
were n o t  a v a i l a b l e  ( s e e  C h a n d r a r a t n e ,  1955)» S in c e  no c h e m i c a l  f e r t i l i z e r s  
were i n  u s e ,  t h e  r i c e  l a n d  was l e f t  a s  a g r a z i n g - f a l l o w  i n  t h e  Dry Season .  
V i l l a g e  c a t t l e  w e r e  g r a z e d  t o  r e g a i n > t h e  f e r t i l i t y  l o s t  by c r o p p i n g  
( A b e y r a t n e ,  1 9 5 6 ) .  W a t e r  i n  t h e  Dry  Zone v i l l a g e  f o r  a g r i c u l t u r e  a t  t h a t  
t i m e  c o u ld  be r e g a r d e d  as  n o n - s c a r c e  b e c a u s e  t h e  g row ing  o f  r i c e  i n  t h e  Dry 
Season  was no t  t e c h n i c a l l y  f e a s i b l e .
An i m p r o v e m e n t  i n  t h e  r e g u l a t i o n  o f  w a t e r - r e l e a s e s  by  c o n c r e t e  
e n g i n e e r i n g  s t r u c t u r e s  a s s o c i a t e d  w i t h  t h e  b r e e d i n g  o f  t h r e e  m o n t h  a g e -  
c l a s s  r i c e  v a r i e t i e s ,  such  a s  p a c h c h a i p e r u m a l ,  i n  t h e  f i f t i e s  g e n e r a t e d  t h e  
p o s s i b i l i t y  o f  g r o w i n g  r i c e  i n  t h e  Dry S e a s o n .  T h i s  p a r t i c u l a r  r i c e  
t e c h n o l o g y ,  t h e  i n t r o d u c t i o n  o f  c h e m i c a l  f e r t i l i z e r s  and th e  im proved  w a t e r  
c o n t r o l  a p p e a r  to  be key e l e m e n t s  r e s p o n s i b l e  f o r  t h e  t r a n s i t i o n  o f  w a t e r  
f rom an u b i q u i t o u s  t o  a s c a r c e  r e s o u r c e  i n  v i l l a g e s .
F o r  r e a s o n s  o f  e f f i c i e n c y ,  a common o w n e r s h i p  h a s  t h e n  b e c o m e  l e s s  
a p p r o p r i a t e .  N e v e r t h e l e s s ,  i t  ha s  been  c o n t i n u e d  a d h e r i n g  t o  a s e r i e s  o f  
i n s t i t u t i o n a l  r u l e s .  These have been  d e v i s e d  and m u t u a l l y  a g r e e d  upon by 
t h e  common owners .
2.5*2 T r a d i t i o n a l  i n s t i t u t i o n a l  s o l u t i o n
I n s t i t u t i o n a l  s o l u t i o n s  to  a c om m on-p rope r ty  p rob lem  a r e  b a sed  on t h e  
r e c o g n i t i o n  o f  t h e  i n t e r d e p e n d e n c e  o f  d e c i s i o n s  o f  t h e  c o - o w n e r s .  S u c h  
s o l u t i o n s  r e s t  h e a v i l y  on n o n - d o m i n a n c e  o f  d e c i s i o n s  and  on c o n s t a n t  
c o m m u n ic a t io n  among p a r t i e s  ( S c h o t t e r ,  1981, pp .1 -9) .  They t a k e  t h e  fo rm 
o f  c o o p e r a t i v e  r e s t r a i n t s  on t h e  e x t r a c t i o n  o f  t h e  r e s o u r c e .  R e s t r a i n t s  
a r e  n o r m a l l y  gu ided  by s e t  i n s t i t u t i o n a l  r u l e s .  When a d o p te d  a t  l e a s t  by a 
s u b s e t  o f  t h e  common o w n e r s ,  t h e y  l e a d  t o  P a r e t o - i m p r o v e d  o u t c o m e s .
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Pareto-efficiency is ensured when the adoption of restraints is universal 
(see Dasgupta and Heal, 1979, pp.18-21).
In order to resolve the inefficient intertemporal extraction of the 
water resource two possible (but not necessarily alternative) restraints 
may be considered. They are:
(a) reducing, at each irrigation, the rate of application of water 
below the traditional (VMP=0) rate; and
(b) restricting (or stinting) the area of the crop initially keeping
the rate of application of water per unit area unchanged.
Under the existing (traditional) practice, the latter is adopted 
particularly in the Dry Season. As noted in the previous chapter, it is 
known as 'bethma' in local dialect. This restraint is analogous to 
'stinting', the institution of restricting the herd-size, practiced in the 
context of grazing in a common pasture. However, in contrast to the 
grazing example, it is inadequate to achieve a Pareto-efficient solution in 
the present problem. A 'rate-restraint' is also necessary, first, to 
curtail the excessive extraction in the Wet Season. Secondly, a 
combination of both restraints has to be exercised in the Dry Season for 
overall efficiency.
It must be noted that the attenuation or a breakdown of the existing 
area-restraint institution governing the extraction can affect the 
irrigation in the Dry Season by persistent crop failures for want of water 
as the season progresses. Fortunately, such a problem does not lead to a 
'tragedy' of the type discussed by Hardin (1968) because the replenishment 
of the resource is exogenous to the process of exploitation. However, it 
must be stressed that, as discussed previously, a similar tragedy can come 
about through the supply side because of under-investment for the 
maintenance of the dam's structures.
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It is questionable whether the a r e a-r e s t r a i n t is functioning 
effectively. An examination of the percentage of area harvested to that 
planted in the Dry Season for a number of years shows that it is much 
greater in minor irrigation schemes than in major ones (see Table 2.1 ). A 
detailed examination is not possible at present as data for village dams 
are not available separately. If, however, it is true in village dams, it 
can be due to either of the following reasons:
(i) an over-estimation of area that can be cultivated with a given
level of storage remaining in the dam; or
(ii) a failure to agree upon an area jointly and the common owners
left to make decisions independently.
A consistent over-estimation of area as in (i) above is unrealistic. 
Possibility (ii), however, is plausible. Given the incentive structure, a 
villager might plant a larger area initially, but abandons part of the crop 
as the water is depleted in the course of the season.
Obviously, the cooperative 'area restraint' obviates an important 
uncertainty for the common owners in the Dry Season and it is rather stable 
once mutually agreed upon. The solution is not susceptible to defection by 
any one during the season because it is not possible to plant a crop in the 
middle of the season. Because of this technical infeasibility, initial 
area restraint is even more stable than the cooperative stinting solution 
to the problem of over-grazing a common, as examined by Runge (1981). On
the other hand, the rate-restraint needs to be exercised on each irrigation 
and there is an incentive for a co-owner to break the contract (if there is 
one) on such occasions in an effort to get larger amounts of water into his 
land holdings.
Among existing institutional arrangements, a rate restraint is non-
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existent. The adoption of this restraint also requires a knowledge of the 
water-yield production function. The prevailing institutional rules in the 
village are designed largely to resolve or rather to preclude conflicting 
situations among the co-owners. In addition to the general measures 
sketched in Section 2.1 , the following rules also preclude conflicts.
(a) The height of the bunds in the bunded-rice plots are low which
sets the maximum amount of diversion of water by a common owner;
and
(b) The irrigation starts with the last parcel of land and proceeds
forward to the parcels closer to the dam.
The institutional rules governing the avoidance of conflicts among co­
owners are not meant to resolve the commonality problems.
We now turn to an examination of the relevance of traditional 
solutions proposed to resolve problems of common use of resources.
2.5*3 Centralized management
The basis for a centralized management derives from the premise that 
the inefficiencies of commonality disappears when there is sole ownership, 
either private or public. Unitization offers an approach to centralized 
decision-making. However, a popular centralized management in the water 
resource area comes in the form of detailed Government regulations.
Unitization is a popular private contracting solution for rent 
dissipation in the exploitation of common oil pools. It refers to an 
arrangement whereby individual owners surrender their competitive 
withdrawal rights to an agent or a committee in exchange for a share in 
returns. There is an inducement for such an arrangement as the benefits 
are likely to be more than the sum of individual benefits. When 
transaction costs are low such a private contracting can resolve problems
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of production successfully (see Coase, 1960; Goldberg, 1976).
Under unitization, a single villager or a committee will be selected 
to extract the water in the dam with net gains shared by all parties 
including villagers who would otherwise be extracting. However, its 
adoption is not straightforward as in the oil pool case because of the 
following features of the water resource.
(a) the demand for water is created by villagers themselves who use
water for irrigating their own rice land parcels;
(b) the extractor will have to hire the rice lands owned by the
villagers, and probably other factors like labour owned by them;
and
(c) the rent attributed to water has to be assessed with precision
and involves bargaining for the establishment of unit shares.
Unitization may not be acceptable on distributional grounds. Nevertheless, 
it is feasible to adopt an annual rotation wherein the extraction rights 
can be rotated among villagers (firms). It is not practicable in a peasant 
setting, especially when village size is large exceeding fifteen members 
or so.
A centralized administration of the distribution of irrigation water 
is being practiced in major schemes, where the time and location of issue 
of water are determined by Government officials. The control on quantities 
is ineffective. In the past, a centralized system had been practiced in 
village dams, appointing an agent known as 'vel vidane'. It was abolished 
in 1958. The merits and problems of this system will be examined in
Chapter 8.
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2.5*4 Public policy measures: pro-rating and use tax
When market failure occurs it is typically presumed that social 
choices will need to be made explicitly by the Government. Two different 
lines of attack are available to mitigate or destroy the problem of common 
use of water in village dams. They are:
(i) a pure "use" tax scheme, where the Government imposes a Pigovian 
type tax at such a rate to arrive at efficient levels of use; 
and
(ii) adjudication of specific rights through quotas, popularly known 
as pro-rating.
Both solutions deal with the divergence of private and social costs by 
destroying the central featurs of commonality. Pro-rating imposes private 
title to a specific share of the common resource. Under the use tax method 
the ownership of the resource is vested solely in the state, which sells 
the right to users to exploit the resource by levying a tax. Consequently, 
most or all of the economic rent would accrue to the state and not to the 
villagers privately as in a quota system.
The features of the two methods can be illustrated by returning to 
Figure 2.1. An examination of the figure reveals that the efficient amount 
of current (or Wet Season's) extraction and the corresponding price are Q* 
and p* respectively. A use tax of t* (or AC) should be included to the 
private cost of extraction in order to make the price equal to p*. At this 
price the marginal social benefit would be made equal to the marginal 
social cost. Obviously, the two parameters, Q* annd t*, constitute the 
basis for the alternative solutions. However, it must be noted that a 
fixed per unit tax would result in a higher revenue than the area ACD, 
representing the social costs over private costs. The optimum tax 
structure is one in which a tax of t* would be levied only on the marginal
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unit. This could be a fixed tax of t* per unit or a graduated series of 
tax rates leading to t* in the neighbourhood of Q*.
Undoubtedly, introducing an optimal tax would certainly be in the 
interest of efficiency. However, if the collection is not paid back to the 
villagers, they could be worse off than in common-property situation. 
This could have disastrous distributional consequences comparable to the 
enclosure movement in fifteenth century English countryside. This put an 
end to communal arable land and drove out thousands of impoverished 
peasants whose livelihoods were destroyed.
In contrast to the use tax method, in pro-rating (or quota) the whole 
rent accrues to the users. The pro-rata method is similar to correlative 
rights accorded to users of scarce ground water resources. According to 
this doctrine, popularly known as the California doctrine of correlative 
rights, riparian pumpers are each accorded a reasonable share in cases 
where the supply is not sufficient to meet the full demand of all (see 
Milliman, 1956). Historically, pro-rating of water use refers to a 
restriction of the extraction of each party to a reduced quantity 
proportional to past use.
The villagers collectively adhere to a scheme much similar to the pro­
rata method. In the Dry Season each user is restricted to a pro-rata 
reduction in the quantity of water he had been tapping in the Wet Season 
determined by the size of his land holding. According to Abeyratne (1956, 
p.200), "... the amount of water in the tank is divided among shareholders 
of the village in the same ratio as their individual holdings to the total 
extent in the tract". Thus, instead of a direct measure of quantities, the 
restriction is imposedin terms of a reduction of area of cultivation. 
Given the traditional assumptions of a fixed-input technology and the 
absence of interdependence between land and water in rice production, there
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is no necessity for assignment of rights in terms of quantities of water. 
However, when such assumptions are not valid, the pro-rating cannot be 
efficient because it fails to exploit the benefit of higher marginal value 
of water in the Dry Season in comparison with that of the Wet Season.
An appropriate scheme is to adjudicate specific rights in terms of 
quantities to all users at the beginning of the year. A number of 
criteria, which are basically arbitrary, can be adopted to determine the 
shares. For example, the quantity can be equal for all riparian users or 
can continue to be set in proportion to the size of holdings in the rice 
land. So long as each owner of a quota has the choice of the sale of his 
right or his water, efficiency will be achieved through the market 
mechanism. However, each one would have a different distributional 
implication. A pro-rata method is claimed to be suitable to a situation 
where the resource is replenished annually and where carry-overs from year 
to year are absent (Milliman, 1956). On the other hand, even within a year 
when intertemporal considerations are important, it appears to be 
unsatisfactory.
The process of adjudication presents difficulties in a number of 
aspects. First, the whole water storage is not present at the beginning of 
the year. Secondly, the storage is subject to natural depletion and 
inflows throughout the period. Thus, ones use has to be monitored 
continuously and the right has to be reviewed accordingly. Thus, in 
practice, a quota method will be very cumbersome to implement and would 
involve an extensive adjudication process.
On the other hand, the use tax method while requiring about the same 
information as the pro-rata method, has other advantages. It is unaffected 
by the market structure in the water market. A use tax method is desirable 
since the state makes direct investments on the maintenance of village
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dams as in all other surface water resources which are public. A state 
ownership and management will facilitate consistent policies. It will also 
be conducive to exploit any scale economies present in the management of 
the resource.
2.6 Concluding Comments
The problems of commonality of water in village dams are complex and 
pervade the demand as well as the supply sides of the resource. The 
assumption of fixed input technology and that of lack of interdependence of 
land and water in the production of rice tend to indicate that many of the 
inefficiencies are absent. However, the magnitude of certain 
inefficiencies could be relatively small because of other considerations. 
Present village institutions aim mainly at minimizing interpersonal 
conflicts among the common owners in the consumption of the resource and 
are ineffective in resolving the inefficiencies of common-property.
A rapid depletion or an inefficient intertemporal exploitation of the 
resource remains as the major problem with a potentially high cost to 
society. Nevertheless, this particular demand-side spill-over would not 
have disastrous consequences on the village economy because the supply of 
the resource in the years ahead would be unaffected by the pattern of use 
within a particular year. A tragedy can, however, eventuate via a 
persistent under-investment in the maintenance of the structures of the 
dam. In addition to this potentially serious problem, there is an under­
investment by common owners on information which would be necessary for the 
reduction of inefficiencies. The state has resolved the former problem by 
making the investment a public undertaking. The effects of under­
investment in information is mitigated to a large extent by similar public 
investments on generating information by research and on the dissemination
of such information via extension services.
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Policy measures relating to other components of the village 
agricultural system can also exacerbate the existing problem of rapid use 
of water in the Wet Season. For example, the steps being taken to assign 
private rights in chena lands would divert additional resources from chena 
for the exploitation of the water resource. Such a shift of resources will 
be conducive for the dissipation of rent in the water resource.
The actual public policy measures to resolve the problem of rapid 
depletion involve costs. The cost of implementing a particular measure 
must be lower than the efficiency gains to justify its implementation. 
Furthermore, the range of policy options are dependent on the magnitude of 
the efficiency gains associated with the efficient intertemporal 
exploitation of the resource. Obviously, the magnitude of the gains is 
defined by the nature of the cost curves and the benefit curve.
Estimating the size of efficiency costs or welfare losses in the 
exploitation of common-property resources is not easy because of 
informational problems. In the recent literature, only a very few attempts 
at measuring the efficiency costs of common-property resources have been 
made (see Bell, 1972; Crutchfield and Pontecorvo, 1969; Agnello and 
Donelley, 1976; and Wallace, 1983)* The first three studies relate to 
common fisheries. Bell determined the efficiency cost via a cost function 
he estimated for the lobster fishery. A somewhat similar approach was 
adopted by Crutchfield and Pontecorvo. On the other hand, Agnello and 
Donnelley estimated the productivity of labour in common and private 
fisheries, and computed the inefficiency as the difference between these 
two. Wallace's study looked at the deforestration of common forests in 
Nepal. He determined the relative magnitudes of the inefficiencies 
associated with various demand and supply side effects. In the present 
study, the benefit and cost functions are estimated in order to determine
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the inefficiencies. The underlying principles and approach to the 
determination of the inefficiency involved are dealt with in Chapter 3*
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CHAPTER 3
ANALYTICS OF THE EFFICIENT ALLOCATION OF THE WATER RESOURCE
Introduction
The externalities inherent in the competitive exploitation of the 
common property water resource for private good uses, such as irrigation, 
lead to a divergence in the private and social costs. As a consequence, 
the intertemporal allocation of the resource stock is inefficient according 
to the Pareto criterion and also on the basis of the Kaldor-Hicks social 
test. A measure of the inefficiency can be obtained by comparing the net 
gain with that which can be derived under the efficient allocation.
This chapter discusses and develops a framework for the analysis and 
the determination of the efficient intertemporal allocation of the water 
resource of a village dam. Its aims are two. The first one is to 
demonstrate analytically the nature of the efficient allocation vis-a-vis 
the existing scheme of exploitation under commonality. This is used to 
determine the gains involved in switching from the latter to the former. 
The second aim is to derive analytically the price or use tax of water 
resource. A subisdiary objective is to show the variability of the above 
elements in a variable environment.
The analysis is carried out on an aggregate community or village level 
since the management of this resource, as in other natural resources, 
involves societal decisions. A salient feature of the analysis is that it 
separates the role of water from that of land in the production process and 
attempts to take explicit account of the substitution possibilities as well 
as the complementarity between them. This is a major departure from the 
traditional treatment where land and water are dealt with as having 
complete complementarity in agriculture.
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A second feature of the analysis is that it demonstrates that dealing 
with the water resource of small dams as an exhaustible resource with a 
planning horizon of one year offers a useful basis for addressing related 
intertemporal allocation issues. In this respect, too, the approach 
differs from the traditional discussions which group the water resources, 
except the ground-water, as 'renewable resources'. The essence of the 
problem of intertemporal exploitation is captured here within a condensed 
two-period model where the periods correspond to the two rice growing 
seasons. In other words, the intertemporal allocation of the resource is 
simplified and effectively transformed into an analysis analogous to that 
of allocating a resource between two competing alternative opportunities.
The remainder of this chapter is divided into six sections. The 
first section deals with the discussion and derivation of the derived 
demand function for water in the village. The demand schedule takes into 
account the fact that the area of rice to which the water is spread can be 
varied and also incorporates the efficient area of planting at each level 
of utilization of water. The derived demand functions for water in both of 
the seasons constitute the basic information required for the analysis. 
While the function for the Wet Season defines the levels of benefit to the 
community from allocating water in that season, the function corresponding 
to the Dry Season depicts the cost of doing so. The supply curve for water 
based on such cost considerations is developed in Section 3*2 making use of 
a two-period framework. Bringing together the above demand and supply 
curves the nature of efficient intertemporal allocation and of the use tax 
of water are discussed in the following section. The analysis incorporates 
the natural physical depletion of the resource, through evaporation. It 
also covers the implications of higher and lower levels of water storages 
experienced in various years for the interseasonal allocation and the price
of water.
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The discussion in the above sections is based on the assumption that 
the entire stock of the resource is given at the beginning of the year and 
that the natural depletion is linear. In Section 3*4, the implications of 
the time-varying inflow of water into the dam and the nonlinearity in 
evaporative losses to the results derived in the previous sections are 
briefly discussed. It also points out the limitations of the two-period 
analytical framework under such circumstances and the need for a multi­
period model for a comprehensive analysis.
The main focus of this chapter is the determination of the efficient 
intertemporal exploitation of the resource and the derivation of the price 
or use tax to ensure such efficiency. Where an optimal use tax is imposed, 
whether the villagers will be made better off or not depends not just on 
the size of the efficiency gain but also on its distribution. Section 3*5 
examines the distribution of efficiency gains between the state and the 
villagers when a user tax scheme is adopted to resolve commonality. The 
final section concludes.
3•1 Community Demand for Water
The market for the water resource of a dam operates within the village 
in which it is found. Inter-village trading of water is not usually 
permitted by village institutions. Besides, the costs of water transfer 
can be prohibitive. Consequently, the water-market is spatially segmented. 
During a given season each dam faces a separate demand schedule arising 
from the production of rice in the land under the command of the dam. The 
resource's contribution as an input to the output of rice in the particular 
season provides the basis for the derivation of its demand. Also, it is 
the total value of the water stock in this role in the various seasons that 
determines the size of the benefit forthcoming from a dam to the community.
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On the other hand, the current supply of the resource for irrigation 
is dependent on the demand for water later in the year. The supply 
schedule of the water resource during a particular season derives mainly 
from the potential benefit that could be obtained from this resource in 
subsequent seasons of the year had it not been used in the current season. 
Therefore, the derivation of demand schedules for water in the various 
seasons is central to the analysis of the intertemporal allocation of this 
resource. It is discussed in this section.
3.1.1 Separability of the production function
The derivation of demand for a specific factor in a multi-factor 
production process assumes that the intensities of all the remaining 
factors are adjusted such that they are efficient for each price level of 
the particular factor. However, the simultaneous consideration of all the 
factors is not required when the production function is separable.
In the production function F(X-| ,X2,...Xn), let us consider the 
partition of inputs (X1,X2)f (X^,...,Xn) as separable.1 When such 
separability is permissible, efficiency in production can be achieved by 
sequential optimization. For example, in production decisions relative 
factor intensities can be optimized within each separable subset, and then 
optimal intensities can be attained by holding fixed the within-subset
1Given N inputs {1 ,2,... ,n| , a partition S of N is given by 
where, N=N^UN2...UN3 and N^nN-^0 for f^t. Separability is characterized 
by the independence of the marginal rate of substitution between a pair of 
inputs from changes in the level of another input, i.e., ^(f^/fj) =0 or
fjfj^ - fpfjj^O* When S=2, as in the present case, the partition is 
weakly separable as i,j£N-j and k^N-j (see Fuss et al, 1978, pp.244-45)*
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i n t e n s i t i e s  and o p t i m i z i n g  b e t w e e n - s u b s e t  i n t e n s i t i e s  (Green 1964; c h a p t e r s  
2 , 3  and  4 ) .
I n  t h e  p r e s e n t  s t u d y ,  t h e  p r o d u c t i o n  f u n c t i o n  o f  r i c e  i s  c o n s i d e r e d  to  
be s e p a r a b l e  i n t o  tw o  s u b f u n c t i o n s .  The a r g u m e n t s  o f  t h e  f u n c t i o n  a r e  
p a r t i t i o n e d  i n t o  tw o  m u t u a l l y  e x c l u s i v e  s u b s e t s  a s  f o l l o w s .  The f i r s t  
s u b s e t  i n c l u d e s  t h e  v a r i a b l e s  o f  l a n d  a r e a  and t h e  q u a n t i t y  o f  w a t e r  a s  i t s  
o n l y  e l e m e n t s .  A l l  t h e  o t h e r  f a c t o r s  i n c l u d i n g  l a b o u r  and y i e l d  i n c r e a s i n g  
i n p u t s  a r e  g r o u p e d  i n  t h e  s e c o n d  o n e .  The f a c t o r  i n t e n s i t i e s  w i t h i n  t h e  
second  s u b s e t  a r e  assumed to  be e f f i c i e n t .  By and l a r g e ,  r i c e  f a r m i n g  i n  
t h e  v i l l a g e  i r r i g a t i o n  s y s t e m s  o f  S r i  Lanka has  been  c l a i m e d  to  be n e u t r a l  
t o  s c a l e  ( M a h e n d r a r a j a h ,  1 9 7 8 ) .  T h u s ,  t h e  a t t a i n m e n t  o f  o p t i m a l  
i n t e n s i t i e s  b e tw e e n  l a n d  and w a t e r  i n  t h e  f i r s t  s u b f u n c t i o n  a u t o m a t i c a l l y  
l e a d s  t o  o v e r a l l  e f f i c i e n c y  i n  t h e  p r o d u c t i o n  p r o c e s s .  A s i m u l t a n e u s  
e x a m i n a t i o n  o f  e f f i c i e n c y  i n  t h e  a l l o c a t i o n  o f  t h e  f a c t o r s  i n  t h e  f i r s t  
s u b f u n c t i o n  and t h o s e  i n  t h e  second  one c ou ld  n o t  be pu r su e d  due to  p a u c i t y  
o f  d a t a  on i n p u t s  and  o u t p u t s .  N e v e r t h e l e s s ,  i t  i s  n o t  a s e r i o u s  
l i m i t a t i o n  s i n c e  t h e  aim o f  t h i s  s t u d y  i s  t o  t a k e  e x p l i c i t  a c c o u n t  o f  t h e  
i n t e r r e l a t i o n s  o n ly  b e tw e e n  t h e  f a c t o r s  o f  l a n d  and w a t e r .
The e f f i c i e n t  c o m b i n a t i o n s  o f  l and  and w a t e r  f o r  each  l e v e l  o f  o u t p u t  
i s  g i v e n  by a s i n g l e  i s o q u a n t  b e t w e e n  t h e s e  v a r i a b l e s .  The s e t  o f  
i s o q u a n t s  f o r  a l l  f e a s i b l e  l e v e l s  o f  o u t p u t  o f  r i c e  d e f i n e s  an  e f f i c i e n t  
s u r f a c e .  For  t h e  p u r p o s e s  o f  t h i s  s t u d y ,  however ,  t h e  e n t i r e  i s o q u a n t  f o r  
e a c h  l e v e l  o f  o u t p u t  n e e d  n o t  be  t r a c e d .  I t  w o u l d  s u f f i c e  t o  know t h e  
e f f i c i e n t  a r e a  f o r  each  l e v e l  o f  w a t e r - i n p u t  g i v e n  t h a t  a l l  t h e  f a c t o r s  i n  
t h e  s e c o n d  s u b s e t  a r e  k e p t  f i x e d  a t  e f f i c i e n t  l e v e l s .  B a s e d  on s u c h  a 
r e l a t i o n s h i p  t h e  VMP c u rv e  f o r  w a t e r  can be d e r i v e d  a l l o w i n g  f o r  e f f i c i e n t
a r e a s  f o r  each  l e v e l  o f  w a t e r  a l l o c a t i o n .
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Although the above partitioning of variables is arbitrary, in general, 
it conforms with the traditional analysis where land is treated as the 
fixed factor in the short-run. Capital and labour are treated as variable 
factors. All the yield increasing inputs, except irrigation water, are 
classified into either capital or labour. Just like fertility and other 
features of the soil, irrigability or its absence has been treated as a 
characteristic of the land. In irrigation planning, too, land and water 
have been regarded as holding a one-to-one or complete complementarity. 
Thus, land has been classified as either irrigated land or unirrigated 
land. Discussions of substitutability between land area and quantity of 
water in agricultural production have been virtually non-existent. The 
present attempt departs from the traditional analysis in two respects. 
First, it distinguishes land and water as two separate variable factors. 
Secondly, it examines and incorporates explicitly the degree of 
complementarity and the level of substitutability between these factors in 
the production process. The above partitioning of factors serves to meet 
these two ends.
3.1.2 Water demand when the area of crop is variable
The nature of demand for water is influenced by two elements. First 
is whether water is considered alone or along with the substitutable 
factor, namely land area. The second one is the market structure of the 
factor as well as the product sides of the market. The simplest of all 
models in demonstrating the problem of pricing and buying of water is one 
in which pure competition prevails on both the water buying and rice 
selling sides of the market. Given that the water resource is owned and 
managed publicly and that the demand of any buyer is circumscribed by the 
rice land he operates in the village, the above assumptions of the factor 
market hold rather well. On the selling side, the villagers are price
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takers for their produce. This is not an unreasonable assumption given 
that the volume of production of rice in each farm is extremely small 
relative to that traded in the national rice market. We will maintain this 
assumption.
Fundamentally, the demand for water is determined by its own physical 
productivity as well as the valuation consumers place upon the final good 
which is rice in the present context. These two are combined in the 
concept of value of marginal product (VMP) as follows:
VMP = pr(MP)
where, MP is the marginal product of the water input and 
pr is the real price of rice.
Since the marginal product for successive units of water declines due to 
the operation of the law of diminishing marginal proportions, the VMP curve 
slopes downwards. The optimum condition for employment of water input by a 
price-taking user can be expressed in the form:
VMP = p _
where pw is the price of water. For each price level, the VMP designates 
the quantity of water that would be demanded. In other words, the demand 
for water in rice production, which has water as the only input, is 
depicted by its VMP curve.
Unlike the somewhat abstract single factor production situation, 
additional considerations are required in the derivation of demand for a 
factor such as water, especially when there are one or more substitutable 
factors in the production process. The VMP curve would represent the 
demand curve of a factor only when this and other factors are independent 
in production. When several variable resources are used by a rice farm, a
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change in the price of one resource, assuming the prices of the others 
remain constant, will bring about changes in the quantities used of the 
other resources. These changes will, in turn, affect the utilization of 
the resource in question as the firm attempts to maximize profits and 
restore a least cost combination of factors. This can be illustrated by 
taking the two variable factors of interest, namely land and water.
A sudden increase in the supply of water or a fall in the price of 
water has a substitution effect and a scale effect upon the factor 
employment. The substitution effect follows from the change in the factor 
proportions. Whereas the scale effect follows from the effect on optimal 
output due to the implied change in marginal cost. The scale effect of a 
rise in price is normally to reduce output and a fall in factor price is to 
increase output. Suppose a firm is maximizing profits, when the price of 
water is p^, by using Q units of water with a given amount of land h . 
This situation is depicted in Figure 3*1 where only the negatively sloped 
portions of the value of marginal product (VMP) curves are shown. Let the 
price of water fall to p^. It would seem at first that only of water 
would be demanded. This would be true if land h^  is fixed. However, only 
the price of land is fixed but the area is variable.
At point A in the figure, the firm is in equilibrium since
pr. MP = pi and pr. MP = ph
As the price of water falls, the quantity demanded of this factor 
increases, and so more units of water is used, causing the marginal product 
(MP) to fall. Of course, VMP of water is also falling as MP is falling 
with pr as constant. Since the MP of water is falling as more water is 
used, the MP of land will be rising.^ This causes the VMP of land to
2The assumption here is f12 > 0, as in the case of a quadratic
production function.
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i n c r e a s e .  At t h i s  p o i n t  t h e r e  i s  e x c e s s  demand f o r  l and  a s  i t s  VMP e xc ee ds  
i t s  p r i c e .  To r e s t o r e  e q u i l i b r i u u m  m ore  l a n d  m u s t  be h i r e d  and a s  a 
r e s u l t  t h e  MP o f  l a n d  f a l l s .  T h i s ,  h o w e v e r ,  c a u s e s  t h e  MP c u r v e  o f  w a t e r  
t o  r i s e .  As a r e s u l t ,  t h e  VMP o f  w a t e r  c u r v e  s h i f t s  o u t w a r d s  t o  V(h^ )  i n  
F i g u r e  3*1« The a p p r o p r i a t e  l a n d  a r e a  i s  h^.
Thus,  when t h e  p r i c e  o f  w a t e r  f a l l s  to  p ^  q3 r a t h e r  t h a n  u n i t s  o f  
w a t e r  w i l l  be d e m a n d e d .  P o i n t s  A and  B i n d i c a t e  t h e  q u a n t i t i e s  o f  w a t e r  
wh ich  t h e  f i r m  would demand a t  a l t e r n a t i v e  p r i c e s  o f  w a t e r  when t h e  p r i c e  
o f  l a n d  i s  h e l d  c o n s t a n t  b u t  i t s  a r e a  o f  p l a n t i n g  i s  p e r m i t t e d  t o  v a r y .  
These  two p o i n t s  t h e r e f o r e  l i e  i n  t h e  demand cu rv e  which  a l s o  a c c o u n t s  f o r  
t h e  i n t e r n a l  e f f e c t  o f  o p t i m a l l y  v a r y i n g  t h e  l and  a r e a  i n  r e s p o n s e  to  p r i c e  
c h a n g e s  f o r  w a t e r .  O b v i o u s l y ,  t h e  dem and  c u r v e  f o r  w a t e r  i s  f l a t t e r  and  
more e l a s t i c  t h a n  t h e  v a l u e  o f  m a r g i n a l  p r o d u c t  c u rv e s .  An i m p l i c a t i o n  i s  
t h a t  t h e  v o l u m e  o f  w a t e r  d e m a n d e d  t e n d s  t o  be m ore  s e n s i t i v e  t o  p r i c e  
changes  when t h e  amount  o f  o t h e r  s u b s t i t u t a b l e  f a c t o r s  l i k e  l a n d  a r e a  can  
be v a r i e d .  The shape  o f  t h e  demand c u rve  would,  o f  c o u r s e ,  be d i f f e r e n t  i f  
t h e  p r i c e  o f  l a n d  i s  a l s o  v a r i a b l e .  T h i s  a s p e c t ,  h o w e v e r ,  i s  n o t  o f  
i n t e r e s t  f o r  t h e  p r e s e n t  p u r p o s e s  and  h e n c e  i t  i s  n o t  p u r s u e d  i n  t h i s  
s tu d y .  A d i s c u s s i o n  o f  t h e  d e r i v e d  demand when p r i c e s  o f  o t h e r  i n p u t s  a r e  
v a r i a b l e  i s  g i v e n  by F e rg u so n  (1975;  c h a p t e r  8) .
The i n d i v i d u a l  dem and  c u r v e s  o f  a l l  t h e  f i r m s  a r e  n e c e s s a r y  f o r  
d e r i v i n g  t h e  v i l l a g e  d em and  w h i c h  i s  t h e  m a r k e t  demand  f o r  w a t e r .  A 
h o r i z o n t a l  summ ation  o f  t h e  demand c u r v e s  o f  a l l  v i l l a g e  p r o d u c e r s  would 
y i e l d  t h e  m a r k e t  o r  c o m m u n i t y  demand  f o r  w a t e r  u n l e s s  t h e r e  a r e  e f f e c t s  
e x t e r n a l  t o  t h e  fa rm  u n i t s  owing to  p r i c e  changes  i n  t h e  w a t e r  m a r k e t .  For  
e x a m p l e ,  when t h e  f i r m s  buy  m o re  u n i t s  o f  w a t e r  b e c a u s e  o f  a f a l l  i n  t h e  
p r i c e  o f  w a t e r ,  t h e y  w i l l  p roduce  more r i c e  t h a t  u t i l i z e s  w a t e r .  T h i s ,  i n  
t u r n ,  c o u l d  l e a d  t o  a f a l l  i n  t h e  p r i c e  o f  r i c e .  T h i s  w i l l  c a u s e  t h e  VMP
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of water of each firm to shift backward to the left and with it the demand 
curve will also shift. External effects can, therefore, influence the 
nature of the community demand curve. In the present context, such an 
effect can be safely assumed away. Although the water market of a dam is 
segmented and confined to the village, nevertheless the rice market is not. 
The rice production of a farm in the village is too small to influence the 
price of rice in the national market. Therefore, the aggregate demand for 
water in the village during a particular period is obtained by the 
horizontal summation of the individual demand curves of all the firms in 
the village.
3.1.3 The seasonal demand for water
Water serves as a multi-point input in agricultural production. 
Consequently, it is in demand throughout the growing season of a crop. The 
demand during a particular subperiod depends, apart from other things, to 
some extent on the water use in the previous period. In other words, the 
demand for water in the various subperiods of the growing season of rice 
are interdependent. In this study, abstracting from the complex biological 
interactions of growth among subperiods, it has been assumed that the 
effective amounts of new growth realized in the various subperiods are 
independent and additive towards the final output.5 Under such 
assumptions, the VMPs of water in the various subperiods are also additive. 
The seasonal aggregate VMP curve for a specific area of a rice crop is 
obtained by the horizontal summation of the VMP curves corresponding to the 
various subperiods. Given the seasonal VMP curves for water for a series
•^Nevertheless, in the empirical analysis the soil moisture level is 
maintained above the critical minimum level to ensure the survival of the 
crop.
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FIGURE 3.1
DEMAND FOR WATER WHEN CROP AREA 
IS VARIABLE
Price
^/Value of marginal
product curves
V (h )
I V (h ) (Price of 
land fixed)
Quantity of water at time t
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o f  d i f f e r e n t  a r e a s  o f  a r i c e  c rop ,  t h e  d e r i v a t i o n  o f  demand cu rve  f o r  w a t e r  
i s  s t r a i g h t f o r w a r d .
I n  p r a c t i c e ,  t h e  s e a s o n a l  dem and  c u r v e  c a n  be d e r i v e d  d i r e c t l y  f r o m  
t h e  p r o d u c t i o n  f u n c t i o n  f o r  d i f f e r e n t  a r e a s  o f  r i c e .  Th is  i s  t a k e n  up f o r  
d i s c u s s i o n  n e x t .
3 . 1 . 4  The d e r i v a t i o n  o f  demand
The s e t  o f  a l l  s e p a r a t e  r i c e  p r o d u c t i o n  f u n c t i o n s  f o r  w a t e r  o b t a i n e d  
f o r  a l l  f e a s i b l e  a r e a s  o f  r i c e ,  w i t h i n  t h e  b l o c k  o f  r i c e  l a n d  i n  t h e  
v i l l a g e ,  d e f i n e s  a p r o d u c t i o n  s u r f a c e  i n  t h r e e  d i m e n s i o n s .  The  
c o m b i n a t i o n s  o f  c r o p  a r e a  and  q u a n t i t y  o f  w a t e r ,  w h i c h  a r e  t e c h n i c a l l y  
e f f i c i e n t ,  f o r  each  l e v e l  o f  o u t p u t  a r e  g i v e n  by a c o n t o u r  on t h i s  s u r f a c e ,  
p o p u l a r l y  known as  an i s o q u a n t .  The f a c t o r  c o m b i n a t i o n s  f o r  a l l  f e a s i b l e  
l e v e l s  o f  o u t p u t  o f  r i c e  can ,  t h e r e f o r e ,  be d e p i c t e d  by a s e t  o f  i s o q u a n t s  
i n  a f a m i l i a r  two d i m e n s i o n a l  d iag ra m .  F i g u r e  3*2 shows t h r e e  i s o q u a n t s ,  
each  one c o r r e s p o n d i n g  to  a d i f f e r e n t  l e v e l  o f  o u t p u t .  I n  t h e  F i g u r e ,  t h e  
c l o s e r  t h e  i s o q u a n t  t o  t h e  o r i g i n ,  t h e  l o w e r  t h e  l e v e l  o f  o u t p u t  and  v i c e  
v e r s a .
F o r  t h e  d e r i v a t i o n  o f  t h e  demand  f u n c t i o n  f o r  w a t e r ,  t h e  f o l l o w i n g  
a s s u m p t i o n s  a r e  made.
( a )  The r i c e  l a n d  h a s  a z e r o  o p p o r t u n i t y  c o s t ,  a s  i t  d o e s  n o t  h a v e  
a l t e r n a t i v e  p r o d u c t i v e  u s e s ,  and hence a n e a r  z e ro  p r i c e d
(b) The t o t a l  r i c e  l and  i n  t h e  v i l l a g e  i s  f i x e d .
^T he  n a t u r e  o f  t h e  r e s u l t  i s  u n a f f e c t e d  e v e n  i f  t h e r e  i s  a 
p o s i t i v e  and c o n s t a n t  o p p o r t u n i t y  c o s t  f o r  l a n d .
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(c) Within the physical limit of the blocks of Purana and Akkara 
lands, the rice land is freely available for combining with 
water for the production of rice.
The rice land is usually left fallow if rice could not be cultivated. Thus 
a zero opportunity cost of land is not unrealistic. The third assumption 
rules out any institutional constraints.
Given the above assumptions, efficiency in the allocation of a given 
quantity of water can be realized only by engaging an appropriate 
proportion of the land for production such that it will lead to the highest 
possible output. For example, in Figure 3*2, the efficient area of crop 
for Q units of water is A . This particular combination of factors, when 
employed, yields an output of rice corresponding to the isoquant IR-| . A 
larger or a smaller area than A^  would result in a lower level of 
production. As shown in the Figure, the output for any quantity of water 
is given by the isoquant which is tangential to the vertical line passing 
through the water axis (or X-axis) at the particular level of water use. 
The point of tangency indicates the optimal area for the chosen quantity of 
water that is engaged in the production process. Points X, Y and Z 
represent three such points in the isoquants and depict the optimal factor 
combinations (Q^  , A^), (Q^, A^) and (Q^, A^) respectively.^ They also lie 
on a rice-water response function which adjusts the areas of cultivation 
optimally for each level of employment of water. Hereafter, this function 
is referred to as the 'response frontier'. When this frontier is 
continuous and differentiable, the demand schedule for water can be derived 
straightforwardly by first converting the outputs of rice to money values 
and then by taking slopes at various points on this function.
^In fact, XYZ forms part of the ridge line which is positively 
(negatively) sloped when the factors are complementary (competitive).
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From t h e  f o r e g o i n g  d i s c u s s i o n s ,  i t  i s  c l e a r  t h a t  on ly  a s i n g l e  p o i n t  
i n  e a c h  i s o q u a n t  e n t e r s  t h e  d e r i v a t i o n  o f  t h e  p a r t i c u l a r  r i c e - w a t e r  
r e s p o n s e  f r o n t i e r  and,  h e n c e ,  t h e  demand s c h e d u l e  f o r  w a t e r .  T h e r e f o r e ,  a 
c o m p l e t e  m a p p i n g  o f  t h e  s e t  o f  i s o q u a n t s  i s  n o t  r e q u i r e d .  F o r  s u c h  a 
s i t u a t i o n  a r e l a t i v e l y  e a s y  a l t e r n a t i v e  a p p ro a c h  can be a d o p te d  to  d e r i v e  
t h e  c r o p - w a t e r  r e s p o n s e  f u n c t i o n  which  o p t i m a l l y  v a r i e s  t h e  a r e a  o f  c ro p  
f o r  each  l e v e l  o f  a p p l i c a t i o n  o f  w a t e r .  The a p p ro a c h  u s e s  t h e  same s e t  o f  
i n f o r m a t i o n ,  v i z .  t h e  c r o p - w a t e r  p r o d u c t i o n  f u n c t i o n s  o b t a i n e d  w i t h  r e s p e c t  
t o  s e v e r a l  d i f f e r e n t  a r e a s  o f  r i c e .  An e n v e lo p e  drawn t a n g e n t i a l l y  to  a l l  
such  c u r v e s  y i e l d s  t h e  r e s p o n s e  f r o n t i e r  f o r  d i f f e r e n t  q u a n t i t i e s  o f  w a t e r .  
The r a t i o n a l e  b e h in d  t h i s  a p p ro a c h  o b t a i n s  f rom t h e  e n v e lo p e  theo re m ,  which  
c o n c e r n s  t h e  r a t e  o f  t h e  o b j e c t i v e  f u n c t i o n  when a p a r a m e t e r  changes .  The 
p r o p e r t i e s  and t h e  d e r i v a t i o n  o f  t h e  e n v e lo p e ,  o p t i m a l l y  v a r y i n g  a second  
a rg u m e n t  i n  a f u n c t i o n  i s  d i s c u s s e d  by V a r i a n  ( 1984 ; pp.327- 9 )* A f a m i l i a r  
e x a m p l e  o f  a f r o n t i e r  i s  t h e  l o n g  r u n  c o s t  f u n c t i o n  d e r i v e d  f r o m  
c o r r e s p o n d i n g  s h o r t  run  f u n c t i o n s .
I n  F i g u r e  3*3 , t h e  d e r i v a t i o n  o f  t h e  r e s p o n s e  f r o n t i e r  and t h e  demand 
s c h e d u l e  a r e  i l l u s t r a t e d  m a k i n g  u s e  o f  h y p o t h e t i c a l  c r o p  p r o d u c t i o n  
f u n c t i o n s  f o r  t h r e e  a r e a s  o f  r i c e  c rop .  For  a g i v e n  a r e a  o f  r i c e ,  t h e r e  i s  
a v i t a l  r e q u i r e m e n t  o f  w a t e r  t o  e n s u r e  t h a t  t h e  c r o p  s u r v i v e s .  F o r  
exam ple ,  f o r  a c ro p  a r e a  o f  A*' u n i t s ,  t h e  v i t a l  r e q u i r e m e n t  i s  u n i t s  o f  
w a t e r .  Y i e l d  r e s p o n s e  o b t a i n s  f o r  r a t e s  o f  a p p l i c a t i o n  beyond t h i s  v i t a l  
r a t e ,  a t  a d i m i n i s h i n g  r a t e .  The h i g h e r  t h e  a r e a ,  t h e  h i g h e r  t h e  q u a n t i t y  
o f  w a t e r  r e q u i r e d  t o  m e e t  t h i s  v i t a l  r e q u i r e m e n t .  The c r o p  o u t p u t  i s  
t r a n s f o r m e d  i n t o  r e v e n u e  o r  money  v a l u e s .  A l s o ,  d i f f e r e n t  s i z e s  o f  r i c e  
c r o p s  a r e  a s s o c i a t e d  w i t h  d i f f e r e n t  l e v e l s  o f  c o s t s  o f  o t h e r  i n p u t s ,  which  
v a r y  i n  p r o p o r t i o n  t o  t h e  a r e a  o f  r i c e .  The d i f f e r e n c e s  i n  c o s t s  a r e  
a c c o u n t e d  f o r  by t a k i n g  th e  v a l u e  o f  o u t p u t  n e t  o f  c o s t s  i n  each  c a se .  A l l  
t h r e e  r e s p o n s e  f u n c t i o n s  i n  F i g u r e  3*3 a r e  n e t  r e t u r n  f u n c t i o n s  and  a r e ,
98 1 5
therefore, comparable. While the top part of the figure shows the various 
net revenue response functions and the response frontier, the bottom part 
shows the VMP curves corresponding to the above functions and the frontier. 
Clearly, the marginal curve for the frontier is the demand curve. It may 
be noted that the demand function is flatter than all the individual VMP 
curves.
3*2 Social Cost of Supply of Water
The demand for water reflects the villagers' valuation of this good. 
The amount that any one will want to purchase is determined by the cost to 
that person, or the value of the sacrifice required to obtain it. This is 
the definition of opportunity cost. When the water resource in the dam has 
alternative uses, the decision to purchase a unit for rice production will 
be governed by the highest value that could be otained in any such 
alternative use.
The concept of opportunity cost ties together the law of demand and 
the principles governing supply. Both assume that decision makers face 
alternatives and choose among them, and that their choices reflect a 
comparison of benefits anticipated from the alternatives. The producer's 
cost of supply reflects the value of the inputs in their next-best uses. 
In other words, it is the total opportunity cost of all the inputs that go 
to produce the good. Thus the cost can be thought of as the value of 
sacrificed opportunities resulting from the action of producing the 
particular good. This understanding is central to the derivation of the
supply schedule of water for utilization in the Wet Season.
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FIGURE 3.2
EFFICIENT CROP AREAS FOR 
VARIOUS LEVELS OF WATER USE
Land
IR < IR <IR
Water quantity
IR^, IR^ ... are iso-net revenue curves, the curve
further most to the origin representing 
the highest net revenue.
100
FIGURE 3.3
THE DERIVATION OF DEMAND FUNCTION 
FOR WATER USING CROP NET RETURN FUNCTIONS
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3.2.1 The user cost
Generally, text-hook discussions of opportunity cost tend to embrace 
only contemporaneous opportunities and fail to take into account adequately 
the opportunities separated by time. It is important to recognize that, 
when time is relevant , one of the alternative opportunities available for 
the current use, in production or in consumption, of a unit of a good is 
its use in the future. The opportunity cost of putting it to use currently
designated in terms of the sacrificed value of its potential future use is
referred to as the user cost by Lutz and Lutz (1951 ) and Scott (1953). In 
other words, this represents the cost of supplying the particular unit of 
the good or resource for current use. Thus, user cost can be described a 
form of opportunity cost.
User cost is regarded as an important tool in the analysis of problems 
relating to the intertemporal exploitation of natural resources. Scott 
(1955b) applied this concept in his study on conservation of natural 
resources. Nautiyal (1970) used the user cost to determine the optimum 
investment and exploitation of renewable resources taking the case of
forestry. In a remarkable paper, Mclnerney (1976) has engaged the concept
of user cost as the basic tool to demonstrate the nature of the optimal 
path of depletion of a variety of natural resources. One of the situations 
not covered by him is the case of a physically depreciating resource such 
as the one examined in this study.
3.2.2 The diversion and the conservation policy
The term diversion could refer to several actions, each of which would 
involve different problems of economic evaluation. Within a given dam a 
diversion of water might be made from one use to another, where the new 
product competes in water intake with the existing one, viz. rice 
production. The economic problem here is simply which use produces
102
greatest value of total output, given the availability of water. A second 
interpretation of the word is that of a physical diversion of some or all 
of the resource stock to some other location. In the third type of 
diversion, relevant to our problem, a certain amount of water is held back 
which would otherwise have been used in a predetermined time period. It is 
really a diversion of supply from one time period to another and it is 
known as conservation. Therefore in a broad sense, diversion comprises 
three elements, namely use, location and time. Conservation is concerned 
fundamentally with a change in time of use, but it can also involve the 
other two elements. However, the use and the location aspects are taken as 
efficient currently and assumed to remain so in subsequent periods.
Specifically, the present study takes into account the conservation of 
water for use in the production of rice in the Dry Season. The user cost 
of putting a unit of the water resource to use in the Wet Season stems from 
the value of the opportunity forgone in the Dry Season. The user cost will 
rise for successive units of water as more and more of it is diverted from 
its use in the Dry Season. Thus, the conservation of water in the Wet 
Season and the diversion of water in the Dry Season represent the opposing 
aspects of management. In order to achieve the efficient intertemporal 
allocation either an optimal conservation policy in the Wet Season or an 
optimal diversion in the Dry Season has to be sought.
The inefficiency in the traditional allocation arises due to a level 
of conservation which is lower than the optimum. The present analysis 
attempts to determine the optimal conservation or equivalently the optimal 
level of use in the Wet Season so that the use in the Dry Season follows 
automatically.
3.2.3 Physical depreciation of the resource
The water conserved in the Wet Season suffers some losses due to
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evaporation from the surface during the dry months. Consequently, only a 
portion of a unit of water conserved will become available for use in rice 
production during the Dry Season. If r is defined as the rate of loss, (l- 
r) gives the proportion of one unit of water which,if unutilized in the Wet 
Season, will remain intact, available for use, by the Dry Season. The user 
cost of an additional unit of water employed in the Wet Season is therefore 
given by the value that would otherwise have been derived in the Dry Season 
with the remaining fraction of the unit of water, (l-r). In effect, the 
evaporative loss acts in a similar fashion to a discounting of the value of 
future use.
The evaporative depreciation of the water resource has important 
implications towards conservation and interseasonal allocation of the water 
resource. An optimal policy must define the Wet Season's utilization which 
will equate the marginal net benefit in the Dry Season after allowing for 
the evaporative loss of the conserved water. Intuitively, this implies 
that less conservation will be desirable in the presence of depreciation 
than otherwise.
In fact, the depreciation of the water stock has been predominant in 
the minds of irrigation experts as well as the villagers. It was generally 
believed that much benefit could be derived by utilizing the water as much 
as possible in the Wet Season and only the residual amount in the Dry 
Season. This was regarded as particularly true when the Wet Season's rice 
production commenced late towards the end of the main monsoonal rains. 
Thus, the use in the Dry Season has not been considered so much as a 
competing opportunity. It must, however, be recognized that such a policy 
favouring the Wet Season’s use has not been based on a careful analysis 
taking into account both the evaporative losses as well as the competing 
opportunity of utilizing the resource in the Dry Season.
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3.2.4 The supply schedule of water
For convenience, the Wet Season and the Dry Season are referred to 
hereafter as t^  and t2 respectively. It is also assumed that the entire 
stock of water, S, is available at t^  . This stock specifies the maximum 
quantity that could be supplied. The marginal cost of supplying any level 
of water is made up of two components. The first is the marginal 
extraction or appropriation cost. Water has to be removed from the dam and 
conveyed to the rice land, the place of use, before becoming of value to 
the community, and this process uses resources. Normally, this cost rises 
with increased extraction. The second component is the user cost. As 
discussed already, this arises from the fact that any unit utilized in the 
Wet Season (t^ ) is unavailable for Dry Season (t2) use.
Figure 3*4 illustrates the derivation of the marginal user cost. In 
order to make the derivation clear, it is assumed that the water stock 
exists potentially in excess of the maximum quantity required at 
Initially, depletion in t^  of this stock does not deprive the community of 
utilization and benefits in t2* However, when the appropriation has risen 
to a point where the residual stock is just sufficient to satisfy the 
maximum t2 demand, continued use in t^  progressively deprives the community 
of benefits it would have received in t2* The user cost of each successive 
unit of use at t^  is the value of t2 use that is foregone. This yields an 
upward sloping marginal user cost (MUC) for water. The real marginal 
social cost (MSC) is, therefore, the sum of both the marginal appropriation 
cost (MAC) and the MUC. According to marginal principles, the community 
will gain the maximum net benefit from the water resource stock when the 
MSB and the MSC in the Wet Season are equal. These MSB and the MSC curves 
constitute the building blocks in the determination of the efficient 
interseasonal allocation which is discussed in the next section.
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FIGURE 3.4
ELEMENTS OF SOCIAL COST OF SUPPLY OF WATER 
FOR WET SEASON USE
Value
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unit MSC=MAC+MUC
Water quantity
S
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3*3 The Efficiency of Allocation
Having defined the net social benefit that could be derived in • the 
Dry Seasons in terms of user cost, the analysis can now be illustrated with 
the aid of a two-dimensional diagram.
3 .3 *1 Assumptions and the conceptual model
In order to simplify the present discussion, the following additional 
assumptions are made:
(a) The cost of appropriation of water is known and 
negligible because water is released from the dam by 
gravitational flow through permanent structures and 
the conveyance distances are modest;
(b) In view of the short duration of the planning 
horizon, the marginal time preference between the two 
periods is zero; and
(c) Irrigation of rice in the two seasons continues to be 
the sole use for the water in the dam and there are no 
losses in conservation.^
The last assumption is made just for expository purposes only. It will be 
relaxed later.
In a two-period setting, it could be conceived that the intertemporal 
allocation is based on two marginal net social benefit (MSB) curves, one 
for the Wet Season, [m NSB^^], and the other for the Dry Season [MNSB(j_^)].
^However, the losses can be easily incorporated in the analysis by 
redefining the MNSB(j_j_) as the discomputed physical marginal net social 
benefits. That is,
M S B (ii) = (1-r) MNSB^p-jJ , where
MNSBf • •) is the net value of marginal value product of a unit of water 
actually used in the Dry Season and the r the rate of loss in conservation.
107
As discussed previously, they represent the community demand curves for 
water in the respective seasons. Given the above assumptions, the MSC is 
now directly defined by the MNSB^ü )* Diagrammatically, the efficient 
interseasonal allocation can be shown by drawing the two MNSB curves in a 
reverse order. The length of horizontal axis in Figure 3*5 represents the 
stock of water. The MNSB^jj is drawn, as usual, from left to right, while 
the MNSB(j_j_) is drawn from right to left. The point of intersection 
between these two curves defines the efficient allocation of the stock 
between the seasons.
The above model provides the basics required for the understanding of 
the allocation problem and the related issues of efficiency.
3«3*2 Allocations under different technologies and schemes
It may be recalled that there are two distinct aspects of change. The 
first is the change of scheme of application of irrigations from the 
traditional to the efficient one which treats water as a variable input and 
curtails its use before its VMP becomes zero. The application of water 
until the VMP=0 is the norm of the traditional scheme. For convenience, 
the two schemes are referred to as 'traditional allocation' and 'efficient 
allocation' respectively. The second element of change involves an 
improvement of the system of production of rice which has two important 
elements, viz:
(i) the replacement of the long-aged low yielding varieties of 
rice in use with short-aged high-yielding rice varieties; 
and
(ii) the advancement of the time of planting in the Wet Season 
towards the onset of the monsoonal rains.
For convenience, the traditional system of production and the improved 
system of production are referred to as 'old technology and 'new
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technology' respectively.
The essential features of the traditional allocation and the efficient 
allocation of water under the old and the new technologies of production 
are captured in figure 3*5« The water stock at the beginning of the Wet 
Season (t-|) is depicted on the horizontal axis. The value of benefit in
technology to two areas of rice crop grown in the Dry Season. For the same
curves for two areas of rice under the new technology of production.
Given these two technologies of production and the two alternative 
allocations of water, four allocation equilibria can be discerned. In 
figure 3.5, they are labelled A, B, C and D. Each of these corresponds to 
a specific interseasonal allocation and the characteristics corresponding 
to these situations are summarized in Table 3»1* The proposed changes to 
cropping systems and irrigation practice can be stated as the movement from 
A to D, that is from practicing the old technology and traditional 
allocation to new technology and the efficient allocation. However, it 
must be recognized that it is possible to implement either of the changes 
independently. For example, a change from A to B which implies adopting 
the efficient allocation while keeping the old technology. On the other 
hand, it is possible to adopt the new technology with traditional 
allocation intact. This is a movement from A to C and this is the main 
concern of the cropping systems programme. In either direction of change, 
there are gains to the community, the exact magnitudes being an empirical 
issue.
As discussed earlier, the areas bounded by the MNSB curves and the two
the two seasons are represented by the two verical axes. and
MNSB^i) represent the marginal net social benefits in the Wet Season under 
the old and the new technologies respectively. Similarly, MNSb |^^^ and 
represent the marginal net social benefits occuring under the old
season, represent the marginal net social benefit
axes measure the net social benefits. An examination of Figure 3 »5
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reveals that the net social benefit that will accrue to adopting the new 
technology, retaining the traditional allocation is equivalent to the area 
given by AEFC minus AJGC by moving from A to C. However, the efficient 
allocation, represented by a movement from C to D, will contribute a 
further net benefit given by the area of the quadrilateral CGHD. In a 
strict sense, this magnitude defines the efficiency gain that can be 
attributed to the efficient intertemporal allocation of the water resource. 
On the other hand, a similar gain depicted by the area AJIB, given by the 
movement from A to B, can be obtained by adopting the efficient allocation 
under the old technology. However, this efficiency gain could be expected 
to be lower than the corresponding gain if the new technology was also 
adopted. The overall gain is given by the area EFDHJAB.
However, as described earlier, Government efforts in the past have 
been directed largely at maximizing the gains due to technological 
improvement. The aspect of efficiency gain in the intertemporal allocation 
has received hardly any attention. Substantial public funds continue to be 
diverted to research and extension of rice technology in general. This has 
improved remarkably over the past decade with the advent of early maturing 
and highly productive varieties of rice. Therefore, it is felt desirable 
and appropriate to trace the gains associated with the movement from A to C 
and then to D in Figure 3*5»
The efficient allocations for the Wet and the Dry Seasons are given by 
MQ and QN, respectively. It must be noted that, compared to the 
traditional scheme a higher proportion of water will be put to use in the 
Dry Season under the efficient allocation. Under the new technology, the 
efficient allocation will ensure a conservation of an amount equal to QC 
for allocation in the Dry Season. This will be ensured by a user cost of 
p*, which also represents the shadow price of water associated with an 
efficient intertemporal allocation.
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FIGURE 3.5
ELEMENTS OF THE OLD AND THE EFFICIENT 
INTERSEASONAL ALLOCATION OF THE 
WATER RESOURCE
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TABLE 3.1
WATER ALLOCATION UNDER DIFFERENT 
SYSTEMS OF RICE PRODUCTION
Scheme of Allocation of Water
Traditional Efficient
allocation allocation
System of Production (mnsb=o ) (mnsb>o )
Old Technology
of Production of Rice A B
New Technology 
of Production of Rice C D
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3.3*3 The efficient allocation under physical depreciation
So far, one of the key features of the water resource, the 
disappearance taking place due to evaporation, has been assumed away. It 
must be noted that the rate of evaporation is exogenous and is outside the 
control of the society. Given a rate of evaporation of r, one unit of 
water, if unutilized in t^  , will have contracted to (l-r) by t2 • 
Therefore, if of the original stock is utilized in t-j , there will be a 
stock equal to (l-r)(S-Q^) available to support utilization in t2 *
A four quadrant diagram can be used to accomodate the aspect of 
physical depreciation in the derivation of the optimal policy. A general 
model based on such a diagram is presented in Figure 3*6. This is a 
modified and extended version of a model originally presented, 
paradoxically for a renewable biological resource, by Mclnerney (1976). 
Figure 3*6 can be used to highlight the nature of intertemporal allocation 
of an exhaustible resource in the presence of exogenous natural depletion 
or depreciation. In order to simplify the analysis, it assumes a constant 
MAC (>0). The M S B  and the MSC curves for t1 are shown in the N-E 
quadrant, while the S-W quadrant exhibits M S B  curve relevant to t2 . The 
resource stock in the two periods is linked through the S-E quadrant by a 
line reflecting a constant rate of depreciation or depletion of the 
unutilized resource. The utilization in t2 will never exceed Q(ü )> which 
is the point where the net benefit from use in t2 is zero. This can be 
ensured if at least [S-Q(j_)] is left unutilized in t-| . At utilization 
levels beyond Q(q) in t-j , an increasing user cost will be incurred. It 
may be noted that the MSC, obtained by adding the M C  and the MAC together, 
has a slope (l-r) times that of M S B ^ j j . The efficient allocation is 
given by the point of intersection of the MSB(j_) and the MSC curves. 
Figure 3*6 reveals that the efficient levels of use for t^  and t2 are Q^i) 
and Q^ii) respectively.
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FIGURE 3.6
A TWO-PERIOD MODEL FOR ALLOCATION 
OF A PHYSICALLY DEPRECIATING RESOURCE
Value 
per unit
Time-Period 1
t1
Water
quantity
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In normal rainfall years, water will be utilized in the Dry Season to 
the complete exhaustion of the residual stock in the dam. In addition, it
normally satisfies the conditions that = MAC (pp) = 0 because the
marginal cost of releasing water is negligible. This has the implication 
that water will be utilized in the Wet and the Dry Seasons up to a level 
where the respective MNSBs are zero. Figure 3*7 adapts the general model 
to incorporate the above features. It is clear that the efficient level of 
allocation for the Wet Season and the corresponding shadow price are 
and p* respectively.
3.3*4 The allocation in a variable environment
The water stock can vary from year to year, depending on the rainfall 
which is highly variable. Figure 3*8 traces the implications of an 
increased stock of water at the beginning of the year. An examination of 
the figure reveals that, with the increased stock, the user cost or MSC 
will be zero upto a level of utilization, Q(i)* Beyond this level, it 
will rise in the same rate as before. It is also evident that more water
will be allocated for both of the seasons. For instance, the efficient
level of utilization in the Wet Season will rise from to The
Dry Season will gain a similar increase and hence a large area of rice will
be cultivated. The shadow price of water will also be lowered from p*1 to 
p*2. Similarly, it can be shown that when the water storage is low, the 
utilization in the two seasons and the area of crop in the Dry Season will 
be lowered. Obviously, the price of water will be higher than in normal
years.
3.4 Further Consideration and Limitations
The foregoing analysis of intertemporal extraction of the resource is 
founded on an important assumption concerning intraseasonal distributions. 
It assumes that the chosen quantities of extraction in each of the seasons 
are distributed efficiently at various times within the respective seasons.
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FIGURE 3.7
A MODEL FOR THE INTERSEASONAL 
ALLOCATION OF THE WATER RESOURCE
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FIGURE 3.8
THE INFLUENCE OF A HIGHER STORAGE 
ON THE INTERSEASONAL ALLOCATION 
AND THE PRICE OF WATER
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However, a comprehensive analysis combining both the interseasonal and the 
intraseasonal aspects of exploitation is complicated because of two 
notable features of the water storage and demand. The features are:
(i) that the water storage, as outlined in the previous 
chapter, is not realized fully at the beginning of the 
irrigation season of rice in the Wet season as the dam 
receives inflows intermittently throughout the season; 
and
(ii) that the demand for water during each of the seasons 
is determined by the incident rainfall which, although 
has an underlying pattern of distribution, is highly 
variable.
These aspects cannot be adequately accounted for within the framework of a 
simple two-period static model. A comprehensive dynamic model 
incorporating these factors is presented in Chapter 5* The attention in 
this section is restricted to the implications of the above factors and the 
assumptions to the results derived so far.
3.4.1 Influence on the demand curve
The efficient scheme of allocation itself will not normally be 
expected to modify the demand curve for water prevailing under the old 
scheme, especially in the Wet Season. This is particularly so when the 
full stock of water is given at the beginning of the season and is free 
from any inflows subsequently. However, where the storage in the dam 
builds up throughout the crop growing period the maximum amount of water 
available for irrigation at a particular time will be defined by the 
existing level of storage. Under the traditional scheme, a quantity of 
water is applied as an irrigation to an area of rice such that the M S B  is 
zero at that stage of the crop. Unrestricted application is the norm and,
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therefore, there is hardly any flexibility on the amount to be applied. 
Thus, the minimum level of storage at any time during the season will 
crucially determine the area of rice that will be grown.
In contrast, under the efficient scheme, there is flexibility in the 
amount of water that can be provided as an irrigation at any time during 
the growing season of rice. Quantitites of water can be applied to a given 
area of the crop at levels below what would be required to yield a zero 
MNSB. Thus, the level of storage at any time within the season will not 
seriously limit the area of cultivation of rice provided that sufficient 
inflows of water are forthcoming into the dam during the ensuing periods. 
This feature of the efficient scheme effectively augments the resource base 
and shifts the demand curve outwards. Consequently, even under similar 
systems of rice production the demand curve for water can be higher under 
the efficient scheme than that corresponding to the traditional scheme. 
Such a situation concerning the demand for water can be expected to occur 
in the Wet Season in particularly dry years. In normal years, there are 
levels of storage sufficient to irrigate the entire rice land under the 
traditional scheme and, hence the augmentation may not be evident. On the 
other hand, in the Dry Season, a similar resource augmentation is not 
likely to eventuate because, first, the water storage is known almost fully 
at the beginning of the season and, second, the inflows are minimal 
compared with the Wet Season.
The aspect of resource augmentation is depicted in Figure 3*9 which is 
a generalized version of the model developed in the previous sections and 
is applicable to all types of rainfall and storage situations, which 
includes high, normal and low rainfall and storage years. Given the new 
system of producing rice, MNSB2^^  and MNSB curves now represent the 
demand curves for water under the new and the old schemes respectively. 
For normal years of water storage, the model simplifies into the one 
adopted so far in the analysis. An obvious effect of such resource
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FIGURE 3.9
RESOURCE AUGMENTATION OF THE 
EFFICIENT SCHEME OF ALLOCATION 
IN THE WET SEASON
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augmentation is that it increases, in relative terms, the net social 
benefit accruing to the new scheme in dry years and renders the welfare of 
the villagers less sensitive to poor rainfall and low water storage in the 
dam.
3.4.2 Limitations and extensions
The analysis has been based on appropriations of water at just two 
discrete times, corresponding to the two rice growing seasons. In reality, 
irrigations are given a number of times over a period of nearly three 
months after the crop is planted in the field. Soon after the Wet Season's 
crop is harvested, a similar practice continues for the rice of the Dry 
Season. Therefore, it would be more appropriate to carry out the analysis 
in a continuous rather than in a discrete framework. Even in a discrete 
framework, it would be desirable to subdivide each of the seasons into a 
number of subperiods for the purpose of the analysis. However, 
incorporating time explicitly as continuous argument in the objective 
function would make the analysis complex and would necessarily require the 
use of sophisticated mathematical techniques such as calculus of variation 
and optimal control theory. Furthermore, the time-varying demand and 
supply characteristics of the resource could make the analysis highly 
complex. Our approach in the empirical chapters which follow is to divide 
each of the two growing seasons into thirteen weekly intervals. This 
chaptures the essence of the problem without making the analysis 
unmanageable.
On the supply side of the water reource, the natural depletion of the 
storage, quite unlike the way it has been represented so far, is not 
linear. The evaporative losses are variable over time depending on the 
prevailing climatic factors, surface area of the residual water pool and so 
on. Thus, the evaporative loss in a subperiod depends to some extent on 
that experienced during the preceding periods. Such a nonlinearity in the
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depletion cannot be accounted for adequately in a simplistic model such as 
the one considered so far. The empirical analysis in Chapter 4 captures 
this aspect and the inflows in a stochastic time series model which 
characterizes the behaviour of storage and depletion on a weekly basis.
Water is a multi-point input in the production process and the demand 
for water at a particular stage of the crop depends, apart form the factors 
listed earlier, on the demand in the previous stage. In other words, the 
demands in various stages within a season are interdependent. However, the 
demand for water in the various subperiods are governed to a large extent 
by the area of the crop decided initially. Also, it is the combined effect 
of measures of growth at various stages of the crop that is reflected in 
the final yield. Therefore, it is thought desirable to carry out the 
analysis at the seasonal level and highlight the essential features of the 
problem, rather than embarking on the development of a detailed analytical 
model. Details of the nature of demand and the characteristics of supply 
at various subperiods within each season are deferred until the empirical 
analysis stage. Chapters 5,6 and 7 incorporate the intraseasonal as well 
as the interseasonal aspects of the demand and supply to determine the 
efficient intertemporal allocation of the water resource.
3.5 Use Tax and the Distribution of the Efficiency Gains
The use-tax or the price provides an instrument to resolve the common 
property externality and to achieve an efficient interseasonal allocation 
of the water resource. It is usually the state or its agent that 
implements such a tax on behalf of the public. The gain in net social 
benefit under efficient allocation also represents the rent that has been 
dissipated under commonality. The second role of the tax is to maximize 
the rent to the society. However, it is not separable from its role of 
resolving the common property externality.
THE EFFICIENCY GAIN IN FIGUHE 3*10
It is important to note that the hi6her MNSB for the Dry 
Season, given by the curve KDH, is not feasible under the common 
property allocatiop of the water resource. The coequal owners 
jointly exercise a restraint on the area of rice for irrigation 
under commonality in order to facilitate conflict-free use of 
water in the Dry Season. Water will be applied to the chosen 
area of rice until its VMP is zero. On the other hand, under the 
efficient intertemporal allocation of water, the VMP is not zero 
at the margin and it is possible to grow a larger area of 
irrigated rice than that under commonality. The relevant MNSB 
curve for the Dry Season under commonality is then GC. Clearly, 
the area denoted by m and n will measure the efficiency gain on 
resolving the problem of commonality.
This argument has been developed and set out clearly at hhe 
outset and there is no need to repeat this on p.121
S. Mahendrarajah 
10 June 1987
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Apart from ensuring efficiency, a use tax also redistributes the 
efficiency gains among the water users and the state.
3.5.1 Efficiency gains
The efficiency gains from the internalization of the spill-overs of 
common use is shown in Figure 3*10. This is adapted from Figure 3*5 
dropping the gains accruing to the adoption of the new technology of rice 
production. It must be noted that the marginal social cost function for 
Wet Season use consists of only the marginal user costs and it is identical 
to the (discounted) marginal net social benefit function of the Dry Season.
Under the traditional or common property allocation, the water use in 
the Wet Season is equal to MC. The Dry Season use, after storage losses, 
is given by NC. At a use of MC in the Wet Season, the social costs in that 
season amounts to the area (c+d+m). However, socially efficient level of 
extraction for the Season is given by MQ (< MC) where, the condition 
MNSB=MSC holds. The associated social cost is only [c]. Privately, the 
users incur a loss of [d] in the Wet Season. This, however, accrues to 
them later in the Dry Season as a part of the gains which amount to 
[d+ra+n]. Overall, the efficiency gains work out to [m+n]. The entire 
gains would be retained by the common owners under, for example, a quota 
system.
A different distribution of the efficiency gains occurs under a use 
tax method. In this method, a part of the gains accrues to the state. As 
described in the previous chapter, the basis for this method of resolving 
the commonality problem relies on a change of ownership of the resource 
from common-property to public property. When a natural resource is 
publicly owned, appropriating a part (or whole) of the economic rent of the 
resource for the wider public is also considered as a legitimate state 
responsibility.
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FIGURE 3.10
SOCIAL COSTS UNDER COMMONALITY 
AND THE EFFICIENT EXPLOITATION 
OF THE RESOURCE
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3«5«2 Resource rent and managment of resources
Management of public resources have often highlighted the economic 
rent that the national resources generate to the exploiter and the right of 
the wider public for such rents. In the case of private exploitation of 
mineral deposits such flows of rents already exist and the concern of the 
state is to obtain a part of the rent to the public by a tax scheme, 
without distorting the private decisions adversely. Consequently, the 
issues are concerned primarily with the distribution of the resource rents 
as discussed, for example, by Garnaut and Clunies-Ross (1975) and Cairns 
and Grubel (1979)* On the contrary, the concern with common property 
resources is that such 'resource rents' are dissipated by inefficient 
allocation of other resources to its exploitation. A widely discussed 
renewable resource in this context is the ocean fishery. The payment of 
the scarcity rent to the public for the resource has been shown to resolve 
the inefficiencies (Scott, A.D., 1955)*
As the water resource in a dam is inelastic in the long run increasing 
rents will acrue as the demand increases. The reason is that, unlike other 
factors, the supply of this particular resource cannot be increased 
corresponding to a rise in demand. Neoclassical economics simply holds 
that such rents may be obtained by other factors as well. The rent 
accruing to the public for the water resource is determined by the price of 
the product, that is rice and also the technology of rice production. In 
the present study, the latter has played a highly significant role as 
regards the rent is concerned since it has raised substantially the overall 
demand for water in the village. We now return to examine the 
determination of the magnitude of the scarcity rent taking account of 
seasonal demands for water in the two seasons within an year. We will see 
that the extraction of the optimal rent and the imposition of the usetax
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achieve the same goal of efficiency in the management of the water 
resource. That is, they both resolve the common property externality that 
dissipated intitially the rent accruing to the resource.
3*5*3 Rent and the distribution of efficiency gains
In order to highlight the aspect of rent, it is useful to provide an 
alternative interpretation of the MNSB and the MSC in Figure 3*11* That 
is, the MNSB and the MSC curves represent in the respective present values 
of the successive units of the resource to society in two competing 
alternative uses. The only difference is that the MNSB is drawn from left 
to right whereas the MSC is presented in the reverse order. A price 
equivalent to QD, given by their intersection, will be needed to clear the 
market and it represents the scarcity rent per unit of the resource, MN. 
Alternatively, QD is the optimal tax rate which has to be imposed per unit 
of extraction in either season in order to maximize the rent and also to 
ensure efficiency in the exploitation of the resource.
In the process, while making substantial gains, the users of the 
resource sacrifice the gains they had under the traditional extraction and 
also make payments to the state or its agent. The efficiency and the 
distributional aspects of the taxation of rent of the water resource is 
summarized in Table 3*2.
Under efficient allocation, the water resource yields a total net 
social benefit equivalent t o [ a + b + c + d + e + f + g ] ,  Of this amount, 
[a] and [g] accrue to the water users as consumer surplus in the Wet and 
the Dry Seasons respectively. The balance is collected by the public as
the economic rent of the resource.
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FIGURE 3.11
A SCHEMATIC DIAGRAM OF THE 
DISTRIBUTION OF EFFICIENCY GAINS
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TABLE 3.2
THE DISTRIBUTION OF GAINS AND LOSSES
PARTIES GAIN LOSS NET GAIN
Wet Season a + b + c]
g]
a = 2b + 2c + d] -[b + c + a]
Dry Season d + e + f + d + 2e + f] Lg - e]
State(rent) _b + c + d + e + f ] - [b + c + d + e + f]
Net Gain Lf + gj
Under the traditional allocation, the villagers retain the consumer 
surplus amounting to [a + b + c + d + e] to themselves. Inevitably, the 
portion of the net social benefit given by [f+g] is dissipated and 
permanently lost to the society. On the other hand, the collection of the 
rent has an important consequence on the welfare of the villagers. It is 
apparent that unless the net gain, [f + g], is greater than the payment, 
[b + c + d + e + f ] ,  (i.e. [g]>[b + c + d + e]), the villagers will be 
worse off compared to their pre-management common property situation. 
Thus, it may be concluded that the efficient intertemporal allocation by 
use tax will lead to a potential pareto improvement of the villagers, but 
the actual improvement will be dependent on the relative magnitudes of the 
rent payment and of the efficiency gain.
The above results rest on the assumption that the use tax is linear. 
Progressively lower rates for the intra marginal units of water will effect 
a distribution which is in favour of the users. Such a scheme can be used 
to ensure actual Pareto improvement.
3*6 Concluding Remarks
The inefficiencies associated with the common use of the water 
resource have been analysed within a two-period framework, where the Wet 
Season and the Dry Season are condensed into two discrete periods. In a 
two-period setting, the problem of efficient intertemporal exploitation of
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the water resource of a dam has been dealt with just like the 
contemporaneous allocation of a commodity between two uses. Additionally, 
a linear natural depletion function has been incorporated to capture the 
losses in storage due to evaporation. The efficient level of utilization 
for the Wet Season is determined on the basis of marginal net social 
benefits which are, in fact, the aggregate value of marginal products for 
water in the two seasons. The marginal cost of using a unit of the 
resource is taken as the marginal user cost or the discounted value of Dry 
Season's net social benefit foregone as a result. The determination of the 
efficient level of use for the Wet Season automatically gives that for the 
Dry Season. Besides, the dual of this interseasonal allocation yields 
the optimal use tax. Not surprisingly, this has been shown to vary 
depending on the level of water stock: to fall (rise) as the total storage 
increases (decreases).
The existing common utilization of the resource, referred to as 
traditional allocation in this study, has been depicted by a level of use 
which yields a zero marginal net social benefit in the Wet Season and later 
in the Dry Season. In order to ensure this, the common owners restrict 
jointly the area of crop in the rice land, especiially at the beginning of 
the Dry Season depending on the then storage in the dam. The present 
analysis also allows for the choice of an optimal area of crop by taking 
into account explicitly the substitutability and the interdependence 
between the factors of land and water in rice production.
The areas below the respective marginal net social benefit curves 
measure the consumer surplus or the welfare in the traditional allocation 
and in the efficient allocation situations. A comparison of surpluses 
between these two situations provides the efficiency gains involved. The 
distribution of the efficiency gains between the state and the villagers 
has been shown when a linear use tax is used to resolve the problem of
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commonality. The efficiency gains have been carefully distinguished from 
the gains in rent for water owing to the adoption of the new technology of 
rice production. This is an important aspect of the present study. 
Contemporary studies on the efficiency and distributional issues of the 
fifteenth century enclosures in Europe have failed to make this distinction 
(see, for example, Allen, 1982).
In reality, however, the water stock is not given at the beginning of 
the year. It is dynamic and stochastic though there is an underlying 
pattern. Also, the natural depletion is not linear. Thus, the problem 
concerns the efficient interseasonal allocation of a time-varying resource. 
On the demand side, since water is a multi-point input to a crop, it is 
demanded over the entire crop-growing period. Thus the issue of efficient 
intertemporal exploitation involves, not just the interseasonal aspect, 
also an efficient intraseasonal utilization of water. The empirical 
analysis presented in the next four chapters is carried out in a multi­
period framework, where each cropping season is divided into weekly stages: 
thirteen time periods each during the Wet and the Dry Seasons. Where a 
late-maturing rice variety is grown, sixteen such periods are considered in 
the derivation of marginal net social benefit functions. The discussion of 
details is deferred to Chapter 5 until after dealing with the 
quantification of the storage and depletion of a dam. This is discussed in
the next chapter.
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CHAPTER 4
A MODEL OF THE WATER RESOURCE: 
METHODOLOGY AND RESULTS FOR SELECTED DAMS
Introduction
The dam serves as a reservoir where the inflow of water throughout the 
year is stored. The inflow is stochastic, but it exhibits an underlying 
cycle with large inflows for a part of the year and a relatively dry 
situation for the rest. In operation, it appears similar to a renewable 
resource such as a fish pond where the fish stock experiences net additions 
over time. The net rate of inflow into the dam is exogenous, but unlike 
the fishery case, it is not influenced by the stock already held in the 
dam. Uncontrollably, the stock physically recedes during the drier part of 
the year through evaporation, but this is independent of the inflow. 
Therefore, the net rate of inflow is affected by consumption or withdrawal 
only. Thus the problem is simpler than exploiting a biological resource 
such as a fishery. The exploitation here concerns the joint extraction 
over time of inflows and accumulated storage optimally so that at the end 
of the year the resource is exhausted. As we noted earlier, the water 
resource is dealt with here as an exhaustible resource within the planning 
horizon of each year.
However, the problem is more complex than the optimal extraction over 
time of a stock of water made available at the beginning of the year. It 
is, in fact, one that deals with the time series of net inflows of water 
into the dam and the cumulative storage of the dam for the period of a 
year. Measurement, ex post, of these time series is feasible for any 
situation. However, planning requires a formal characterization of this 
resource especially in the absence of any extraction. A useful approach is 
available in statistical time series analysis. This can be used to
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estimate a time series model of water storage and, on the basis of that, a 
more general stochastic simulation version can be developed for the water 
resource of any dam. This methodology is discussed and applied to estimate 
formal water resource models in this chapter.
Specifically, the aims of this chapter are three-fold, viz.:
(i) to outline the time series analysis approach to the modelling of
water storage;
(ii) to examine the general validity of this approach for dams in
different regions of the Dry Zone; and
(iii) to forecast water storage profiles for various rainfall data for 
later use in the empirical analysis of issues pertaining to 
efficient allocation.
This chapter is divided into six sections. In Section 4 *1, the main 
features of the case study dams are outlined. For this purpose, three dams 
are included. The next three sections explore the time series analysis and 
estimation of water storage. In Section 4*2, fundamental elements of 
inflow and storage are discussed and the basis of a transfer function 
formulation is established. The transfer function relates the water 
storage at a specific point in time directly to the preceding history of 
rainfall in the catchment and offers a means of estimating inflows 
indirectly. Section 4.3 discusses the features of a recursive time series 
analysis procedure used in its empirical estimation. The results of actual 
estimation of transfer functions for the three selected dams are discussed 
in the following section. This also presents the subsidiary statistics 
necessary for the development of a stochastic simulation model for the 
water resource. The basis and details of stochastic simulation models are 
discussed in Section 4 .5* Also included in this section are the results of 
simulation of water storage for various years. The final section provides 
a summary of the chapter's contents.
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4.1 Case Study Dams
In this study, three communal dams of different sizes have been 
included. They are located in different parts of the Dry Zone. One of the 
objectives of this chapter is to verify the general applicability of the 
time series analysis approach for modelling the water resource of these 
small dams, developed by Mahendrarajah (1981), to differing situations in 
the Dry Zone.
4.1.1 Agroecological regions and the dams
The broader climatic zones introduced earlier are further subdivided 
into agroecological regions, which are 24 in all. These are obtained by 
superimposing climatic divisions on the soil map of the country. The 
criteria for identifying and demarcating these regions are described by 
Panabokke and Kannangara (1975)» Figure 4*1 shows the regions and their 
respective rainfall probability histograms. Of special interest for our 
purposes is the rainfall characteristics of the Dry Zone, which comprises 
five agroecological regions, denoted by DL1 , DL2, DL3 , DL4 and DL5 in the 
above figure. DL1 is the largest, covering almost the entire North Central 
administrative Districts and a substantial portion of the Northern 
Districts. It accounts for over 60 percent of the area of the Dry Zone. 
The DL3 and DL4 regions exhibit similar rainfall characteristics and 
constitute nearly half of the rest of the Dry Zone. They are found 
exclusively in the Northern part of the country.
Two of the dams chosen for the study, namely Metpuliankulam and 
Uvadikulam, are located in the DL3 region as shown in the Figure. 
Hereafter, for the sake of convenience, they are referred to as the M-Dam 
and the U-Dam respectively. The third dam included in the study is in the 
heart of the DL1 region and is known as Walagambahuwa. It is, in fact, the 
one considered by Mahendrarajah (1981). It will be abbreviated as the W-
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FIGURE 4 .1
AGRO-ECOLOGICAL REGIONS OF SRI LANKA AND THEIR 
RAINFALL DISTRIBUTIONS
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Dam. As pointed out earlier, both the DL1 and the DL3 regions are 
distinctly different in rainfall characteristics, especially in its 
distribution throughout the year. This is evident from the rainfall 
histogram. Clearly, the regions also differ in the annual total rainfall 
received. Besides, it is known that even within an agroecological region, 
the climate differs markedly from one place to another.
Table 4»1 exhibits the average monthly rainfall and temperature, which 
are specific to the localities where the dams are located. It is evident 
that the annual rainfall at W-Dam in the DL1 region is approximately 140 mm 
higher than that of the locality in DL3 , where it amounts to 1278 mm on an 
average. A more prominent feature, however, is the distribution of 
rainfall. First, around 76 percent of the rainfall in this area is 
realized in the Wet Season, whereas in the DL1 region it works out to only 
67 percent. In effect, the Wet Season in .the DL3 receives slightly more 
rainfall than that in DL1 . Another consequence of this distribution is 
that the Dry Season ends up receiving a relatively lower absolute total 
rainfall in the DL3 region. Thus the second mode in the bimodal 
distribution of rainfall is relatively lower in DL3 than in DL1. Secondly, 
even within the Wet Season, the rainfall is relatively highly peaked in 
DC3 than in the case of DL1 . These features have implications for the 
water storage behaviour in the dams under study.
Another factor of importance in this respect is the ambient
temperature, which influences the evaporative losses or the physical
depreciation of the storage over time. Although the average maximum
temperature is not significantly different, the minimum temperatures appear 
to be consistently higher in DL3 than in DL1 . Thus, the combined effects 
of rainfall, most of which is received in the Wet Season, and higher 
temperature,are twofold: that the water storage in the dams in DL3 is 
likely to be more peaked in the Wet Season and that it is likely to recede
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TABLE 4.1
CLIMATIC FEATURES OF TWO DIFFERENT REGIONS OF THE 
DRY ZONE OF SRI LANKA
Months Rainfall
(mm)
Temperature (°F) 
Maximum Minimum
DL1 DL3 DL1 DL3 DL1 DL3
September 82.0 46.7 91.6 89.2 74.9 80.3
October 233.4 202.2 89.0 87.1 73.2 77.5
November 234.7 324.4 86.2 84.3 71.4 76.2
December 229.4 221.7 84.1 82.9 70.5 75.6
January 84.6 -121.4 84.6 84.6 68.3 76.5
February 59.7 56.1 88.1 87.7 68.9 77.0
March 80.3 80.5 91.7 89.0 71.1 77.3
April 200.4 122.4 92.3 90.6 73.8 78.3
May 86.6 62.0 90.1 88.8 75.5 78.8
June 15.8 15.2 90.2 88.9 76.0 80.3
July 32.3 12.7 90.6 88.4 75.1 80.0
August 35.8 12.7 91.3 89.8 75.3 79.7
Notes (a) The figures relate specifically to the localities in 
the respective regions where the Dams are found.
(b) Figures for DL1 are the average over a period of 23 
years, whereas those of DL3 represent the average of 
observations of 11 years. The data were extracted 
from records maintained by the Agrometeorological 
Station at Mahailluppallama and by the Irrigation 
Department at Giants Tank respectively.
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more rapidly with the onset of the Dry Season, in comparison with that in 
DL1 .
4.1.2 Design features of the dam
The technical features in the design of dams provide a useful basis 
for comparing the dams under study. A detailed description of M-Dam and U- 
Dam from the DL3 region is provided in Table 4*2. The details were 
obtained from a survey report of the above dams carried out by a surveying 
team in 1983. Naturally, the various dimensions change over time owing to 
use, erosion and silting of the dam bed. In fact, the measures presented 
above form the standards to which these dams were being restored at the 
time of the survey.
A perusal of the Table 4*2 reveals the many differences in features 
such as the bund and the sluices. However, these are not of much interest 
for our purposes. Notable features of importance rest in relation to the 
capacity of the dams. The table shows that the U-Dam is deeper than the 
M-Dam. Also, it is much larger than the M-Dam both in terms of the size 
of the catchment and capacity. The capacity of the latter at full supply 
level is only 117 ac-ft, while that of the former is around 326 ac-ft. The 
rice land under irrigation in U-Dam is 105 acres (or 42.5 hectares) which 
is equivalent to two and one half times the size of the command area of M- 
Dam. A similar description of W-Dam is not available at present for a 
comprehensive comparison. However, it is not essential for our purposes. 
It will suffice to know that the capacity of this dam is 170 ac-ft 
approximately and that it has 60 acres (or 24*29 hectares) of rice land for 
potential irrigation.
4.1.3 Estimation of the volume of storage
The sheer volume of water involved makes direct measurement of storage 
impossible. Since the shape of dam beds is variable the estimation of the
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TABLE 4.2
DESIGN AND TECHNICAL FEATURES OF THE CASE STUDY DAMS 
FROM THE DL3 REGION OF THE DRY ZONE
FEATURE/ITEM Metpuliankulam
(M-Dam)
Uvadikulam
(U-Dam)
Catchment Area 1.90 sq.miles 3.00 sq.miles
BUND: Length 38 chs 28 chs
Top Width 6’ 0" 6 ’ 0M
Side Slopes 1 on 2 upstream 
and downstream
1 on 2 upstream 
and downstream
Bund Top Level 110.0 R/L 104.0 R/L
SLUICES: Locations 8 chs; 22 chs 6 chs; 14 chs
Type Tower Tower
Openings 9" ; 9" diameter 6M ; 9" diameter
Sill 101.3 R/L; 
101.0 R/L
90.0 R/L; 
91.0 R/L
Head of Water 6' 6” 10' 0"
SPILL: Location Right Bank Left Bank
Type Natural Broad Crest
Length 330’ 0” 180’ 0”
Crest 106.5 R/L 100.0 R/L
Fully Supply 105.36 R/L 102.10 R/L
Level
High Flood 107.68 R/L 102.10 R/L
Level
Capacity of the Dam 117.27 Ac-Ft 326.76 Ac-Ft
Command Area 42 Acres 105 Acres
Notes: (a) The units of measurement above are, as still in
practice, in the British System and no attempt has 
been made here to convert them to the metric 
equivalent.
(b) R/L represents the reduced level over a benchmark of 
100.0 feet set at the downstream base of the bund.
(c) The above details have been obtained from a survey of 
the above dams carried out in 1983. These dams were 
also under renovation in order to restore the above 
design standards.
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volume of water at any particular time is also not straightforward. 
Practical approaches to estimate dam storage have been developed by 
hydraulic engineers. An empirical formula in frequent use for this purpose 
is as follows.
V = 0.4 A.D
where, V denotes the volume of water in acre-feet,
D denotes its depth in feet and 
A denotes the spread area in acres.
This formula is useful as a first approximation, though it is not logically 
applicable to any shape other than a paraboloid. This may not strictly 
hold for a long time even for a dam originally dug in that shape. Factors 
such as erosion and silting change the slope of the dam bed. Besides, the 
volume is also dependent on variables such as length and width of the dam.
Accurate estimation of storage is based on a curve known among 
engineers as capacity diagram or capacity curve, which translates the depth 
of water at the sill of the sluice to the corresponding volume. The 
prerequisite for such a diagram is a detailed contour survey of the dam 
bed. Based on the area at each contour, capacity between contours are 
calculated and an Area Capacity Table is constructed. This defines the 
storage up to each of the contours in the ascending order. The capacity 
diagram relates the storage volumes and the levels of the contours. 
Obviously, the lowest contour is at the sill of the lowest sluice. The bed 
contour maps and the capacity diagrams constructed in 1983 for M-Dam and U-
A
Dam are presented in the Appendix. Generally, the capacity diagram is 
plotted on logarithmic paper as this gives a much straighter curve, which 
facilitates extrapolation. Referring to this diagram, the depth of water 
measured in inches at the sill can be translated to the corresponding 
volume in acre-feet. As will be seen, the capacity diagram is the most 
important prerequisite, for empirical analysis of the storage and the
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allocation of the water resource of a dam.
4.1.4 Modelling water storage behaviour: approaches
The aims of modelling water storage behaviour in the dam have been 
threefold, namely:
(i) to identify and discern the various components of inflow into 
and outflow from the dam;
(ii) to relate the storage of one time period to the next; and
(iii) to forecast the profile of storage based on a few variables.
The importance and need for forecasting water storage for judicious 
allocation of the resource has been well recognized. For instance, in 
relation to promoting intensive cropping in the rice lands of small dams, 
Somasiri (1976, p.87) claims that
'... a good understanding of the water resources, 
ability to forecast the tank storage by estimating all 
the gains and losses are essential for the preparation 
of cropping programmes.'
Clearly, for the purposes of this study, it is also necessary to forecast 
inflows into the dam at regular intervals.
Available approaches differ in the degree of detail and the level of 
sophistication. The water-balance approach adopted by physical 
hydrologists is perhaps the best known. This approach embodies the actual 
measurements of all forms of gains to and losses from the dam so as to 
infer the balance or net addition to storage. Basically, the approach is 
one of budgeting and can achieve the first two aims listed above. It can,
for example, relate the storage at a particular time to that in
preceding period and the inflows and outflows. However, it does
attempt to establish a direct relationship between the inflow
particular time period and the values of causal factors such as, for
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example, the incident rainfall in the catchment. With this aproach there 
is only limited scope to relate directly the rainfall to increments in 
storage.
Besides, the water-budget approach is deterministic in structure. 
Because of these reasons, its forecasting ability is limited, especially in 
a variable rainfall environment. Year to year variability in rainfall 
distribution is likely to result in variable gains to storage at any given 
time of the year. Therefore, to be useful forecasts based on this approach 
need to consider many years of observations so that a probable range of 
values of the various components can be estimated. This will involve 
extensive instrumentation to collect accurate data on a continuous basis 
for a reasonably long period of time. The variables monitored may include 
stream gauging as well. The need for extensive data for many elements of 
the hydrology exacerbates the problem.
An alternative approach adopted here is based on Systems Analysis 
concepts. Its greatest advantages are that it is simple, dynamic and 
stochastic with potential for forecasting. For details, the interested 
reader is referred to Mahendrarajah (1981). However, it is felt desirable 
to provide a brief sketch in order to facilitate the later exposition.
4.2 Parameterization of Storage; Transfer Function Model
Water storage in the dam is a dynamic process governed primarily by 
the rainfall characteristics over the period. The period of 
characterization of storage chosen is a full year, within which storage is 
largely driven by the distribution of rainfall. The intensity and duration 
of rainfall at each occurrence are important determinants of the resultant 
response of storage. The magnitude of such a response is also dependent on 
the characteristics of the catchment, which are unique to each dam. An 
analysis of the relationship between rainfall and storage process suggests 
that it can be approximated well by a linear dynamic system after some
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preprocessing of the rainfall data to allow for changing antecedent 
conditions. Such a characterisic offers a strong basis for developing a 
simple and statistically valid model for a dam.
4.2.1 Linear dynamic system
A system defines a portion of the real world such as, for instance, 
the rainfall - water storage phenomenon. As discussed, for example, by 
Bennet and Chorley (1978; chapter 2), an environmental system such as the 
one under study manifests the interrelationships of three elements. They 
are, namely, the causal or input variable, the output variable and the 
throughput. The throughput defines the characteristics of the transfer 
from input to output. In other words, it is the operator that links the 
input with the output. It is referred to as the system transfer function. 
Each system transfer function has a specific structure and its 
characterization defines a system fully. However, such a structure is also 
governed by the nature of the input.
On the basis of the criteria set by Bennet and Chorley (1978), a 
rainstorm of short duration in a catchment can be categorized as an impulse 
unit, which represents a point stimulus. The input in the system under 
consideration can be considered as an impulse input to the water storage 
system. The output response of a system to a single unit impulse input of 
a unit duration is referred to as the impulse response function (IRF). For 
instance, the changing pattern of runoff volumes following a rainstorm of 
short duration represents the IRF of that hydrological system. In the case 
of discrete time systems such as the rainfall-storage phenomenon under 
study, an impulse is active over the entire sampling interval, which is the 
observation period divided by N-1, N being the number of samples taken. 
The pattern of response to an impulse would involve a rise followed by an 
exponential type decay. The IRF can vary depending upon the magnitude of
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inputs such as, for example, the intensity of rainstorm in the catchment. 
In a linear dynamic system, however, the IRF remains the same irrespective 
of the level of input. This invariance property of the IRF in a linear 
system is also known as the law of superposition. This is so because the 
response of a sum of impulse inputs is the same as the sum of the IRFs for 
each of the individual inputs. In a dynamic system, the response to input 
at one time may not decay away completely before the impulse at the next 
time begins to produce an effect. Thus there can be overlaps of responses. 
An adequate approximation of the behaviour of such a linear dynamic system 
can be represented by the linear filter of the form:
Xk = g0uk + + .... + g^.«, (4.1)
Obviously, this is an infinite dimensional discrete time representation. 
Moreover, gQ, , ...., g^ constitute the IRF.
For a given sequence of input signals, the overall output can be 
visualized as the aggregate manifestation of a series of superimposed IRFs. 
Of course, each IRF needs an arithmetic scaling up or down depending upon 
the magnitude of the input. Such a behaviour of overall output is referred 
to as convolution. It is in fact the property of convolution of linear 
dynamic systems that provides the basis for the formalization of the water 
storage problem. On the contrary, it is important to note at this stage 
that a hydrological system could be nonlinear since the IRF can vary 
depending on the size of the input. Nevertheless, we shall see that a 
system can be linearized by an appropriate transformation of the input.
4.2.2 The transfer function: mathematical basis
Algebraically, a system exhibiting the property of convolution can be 
represented by a convolution integral equation, as discussed, for example, 
by Jakeman and Young (1980).
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The convolution is a special case of a linear integral equation of the 
Yolterra type.
Consider a convolution integral equation of the form:
t
x(t) = / r(t-w) u('w) dw (4*2)
o
This represents a noise-free linear dynamic system with continuous input, 
u(t) and output, x(t) at time t. In other words, it describes a system, 
where an input, u(t) is convoluted with the IRF, r(t), to yield an output 
x(t). In our water storage problem, the kernel r(t) is the ’storage 
impulse response function’, which we have to determine from data on the 
system.
A numerical procedure for solving the integral equation (4«1) is based 
on mathematical transformation and approximation. The Laplace transform L 
{x(t)} of x(t) of the convolution integral equation (4«2) is given as:
X(s) = R(s) U(s)
In practice, R(s) can be well approximated (see Takahashi et al, 1972) by a
ratio of polynomials B(s) in the Laplace operator s where A(s) and B(s)
A(s)
are defined as follows:
B( s) 4 >^0 + b-| s + b2s^  + ... + hmsm
and
A(s) A 1 + a>| s + a2s2 + ... + ansn
In this way, our transformed equation can be rewritten as:
A(s) X(s) = B(s) U(s) (4.3)
Equation (4*3) can be inverted back from the Laplace domain to the 
original time domain by taking inverse Laplace transforms. Then we obtain 
the continuous time ordinary differential equation of the form:
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A(D) x(t) = B(D) u(t) (4.4)
where D is the differential operator. On expansion equation (4.4) becomes:
1 + a1 dx(t) + ... + an dnx(t) = bnu(t) 
dt dtn
+ b-] du( t) + 
dt
+ br dmu(t) 
dtm
(4.5)
A discrete-time version of equation (4.5) is a more relevant one in the 
present study, since we are dealing with discrete sampled data. It also 
more readily allows reasonable assumptions about the stochasticity of the 
system (Young and Jakeman, 1980). The equivalent difference equation 
representation for N input-output samples is:
xk + a1xk-1 + ••• + anxk-n = bouk + b1uk-1 + ••• + bmuk-m
(k=1,2,...,N) (4.6)
where the values of m and n may be different to those of equation (4*5) and 
the values of aq and bq are most certainly different.
Making use of the backward shift operator (z- ^), where 
(z”b)xjc = x^-.q» this equation can be written as:
%  = B(z~] ) uk (4-7)
A(z_1)
where
A(z“^) ^  1 + a^z~^ + a2 Z-^ + ... + anz-n
and
B(z“1) I  bQ + b-|Z-1 + b2 z-2 + ... + bm z_m
In practice, the polynomials A(x-^) and B(z"^) are small, for example, of 
the order of one to five parameters. Thus the transfer function 'S' 
introduced earlier is now approximated by two low dimensional polynomials. 
For this reason, such a representation is considered parametrically
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efficient. This is discussed in detail by Box and Jenkins (1970).
Further, by dividing A(z- )^ into it is possible to obtain the 
infinite dimensional representation of the original convolution integral 
such that:
z~] ) = g0 + gi z 1 + ... + g z°°
AC^T) 00 (4.8)
h G (z-  ^)
This is in fact the IRF.
Clearly, equations (4.7) and (4.8) offer two alternative
representations of a linear dynamic system. Models based on the infinite 
dimensional description are known as weighting sequence (WS) models, whilst 
those of the form of equation (4*7) are known as transfer function (TF) 
models. The latter has also been referred to as a rational distributed lag 
function as in, for example, Jorgenson (1966).
In comparison to a WS model, a TF model has the important advantage of 
parametric efficiency, while still being able to provide a satisfactory 
explanation of output data. Parametric efficiency is desirable since it 
reduces parameter uncertainty or variance when estimation is invoked. For 
these reasons, a TF is favoured for a water storage model of dams.
4*2.3 Nonlinearity and prefilters of rainfall
Nonlinearity in rainfall-storage response appears to arise as a 
consequence of the many differential interceptions and diversions of the 
actual rainfall input in the catchment over the period. Of the actual 
rainfall at any particular sampling interval, a considerable portion is 
lost to the soil in the catchment and to the atmosphere in the form of deep 
percolation and evapotranspiration respectively. While losses to the soil 
are a function of soil moisture level itself, evaporative losses are 
dependent on ambient temperature. As a result, only a portion of the
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rainfall leads to a response in storage in the dam. Such considerations 
lead to the development of an effective or modified rainfall input to the 
system. The effective rainfall measure allows for such factors as 
evapotranspiration and soil moisture; and it represents a true input to 
which the storage responds.
Whitehead and Young (1975) have shown that most of the nonlinearity in 
response can be eliminated by effective compensation or prefiltering of 
rainfall. This has been demonstrated for the rainfall-storage system of a 
small dam by Mahendrarajah (1981) and Mahendrarajah et al (1982), where two 
filters have been employed for the process of rainfall compensation. The 
procedure is similar to the one adopted by Whitehead and Young (1979) and 
Mackay et al (1980). First, the actual rainfall is modulated for 
temperature related effects. The resulting series is then compensated for 
soil moisture influences to give the effective rainfall series. The 
temperature compensation filter modulates the actual rainfall, u^, by a 
factor proportional to the difference between the prevailing mean 
temperature, T^, and a notional maximum, Tm> such that:
uic = 0l>m - Tk]euk (4.9)
where, 0 and Q are constants that need to be determined.
The temperature compensated rainfall sequence, u^, serves as the input 
for the soil moisture filter. It is of the form:
Sk " sk-1 + 1  [ %  " sk-1 ]
Tc
(4.10)
\ ' Sk ^maxV
Where, Smax = max js^ ] 
k
(4.11)
The discrete first order filter (4.10) provides a measure of soil moisture 
level and it can be considered as a model of the dynamics associated with 
soil moisture changes. In other words, it is a model that describes the 
soil moisture lag process and it represents an exponential smoothing into
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the past. In effect, the soil moisture value, S^, is larger if, for 
example, the rainfall, u^ ., has been recently continual than if it has not. 
On the other hand, the time constant, Tc, determines how far into the past 
the exponential weighting is important. Finally, the effective rainfall 
sequence, u^ , is generated by equation (4-11) , where the quantity (S^/Smax) 
is the fractional weighting given to rainfall. Thus, the weighting is 
high if it has been raining consistently over the period covered by the 
time constant, TQ. Consequently, in such a situation, most of the 
rainfall, u^, appears as effective rainfall with little loss to the already 
moist soil.
The constant, 6 plays an important role in the present context. Mackay 
et al (1980) have shown that values of 6 greater than unity raised the 
effective rainfall measure near peaks relative to the periods when rainfall 
is low. Mahendrarajah (1981) has employed this feature advantageously to 
attach differential weighting to the Wet and Dry Seasons' rainfalls for the 
water storage problem. The values for T0 and 6 in this filter along with 
those of 0 and 9 in the temperature filter can be 'optimized' by some 
automatic hill-climbing procedure. Alternatively, they can be determined 
by a trial and error search as carried out by Mahendrarajah (1981). The 
effective modulation of the actual rainfall input transforms the storage 
system into an approximate linear dynamic system. Finally, it must be 
noted that the effective rainfall cannot be defined directly as the 
'rainfall excess' so as to equate it to the storage increment. It is also 
interesting to note that the effective rainfall measure bears some 
resemblance to the antecedent precipitation index used in conventional 
hydrology (Weyman, 1975)*
4*2.4 Specification of transfer function (TF) model for water 
storage
To this point, attention has been concentrated on linear systems whose 
inputs and outputs are exactly measured and to which there are no outside
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disturbances. In order to account for 'errors in variables' and other 
disturbances in TF models, a lumped noise disturbance, £ k can be added to 
the hypothetical noise-free output, xk, to yield the observed output, yk* 
The complete model and its components are schematically shown in Figure 
4.2. This is the same as that used by Box and Jenkins (19T0) and Young 
(1972). Jakeman and Young (1981, 1983) have shown that this model, and the 
instrumental variable method of estimation to be shown, together offer more 
robustness over competing models and methods when the structure of E, k is 
unknown. It must be noted that here, however, the noise term, £ k is 
assumed to have a rational spectral density. In other words, it is 
considered to be the output of a TF whose input, ek is a zero mean, 
serially uncorrelated sequence of random variables with variance 0 ;^ i.e.,
E(ek) - 0, E {ejeJ - o 2 Sjk (4.12)
However, this structural assumption on K k is not necessary for adequate 
estimation of the system TF model parameters in (4.6) but, as we shall see, 
proves useful for our later simulation purposes.
With this assumption, the conventional statistical terminology is as 
follows: £ k can be regarded as generated by an Autoregressive Moving 
Average (ARMA) process acting on the white noise input, ek (see, for 
example, Box and Jenkins, 1970).
After having incorporated the noise term, the various relationships 
between the variables uk , xk , £k and yk can now be written as follows:
A(z 1) xk = B(z"1) u* 
C(z-1 ) £ k = D(z"1) ek
7k “ xk + ^k
or equivalently,
Yk B(z~]) u* + b (z~]) A(z-^) C(z-1)
ek (4.13)
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FIGURE 4.2
EFFECTIVE RAINFALL - WATER STORAGE 
TIME-SERIES MODEL
Stochastic
EffectsWhite noise
Effective
rainfall
input
Noisy storage 
output
NOISE PROCESS
SYSTEM PROCESS
Source: Adapted from Young (1976), p.596.
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where C(z“ )^ and D(z“1) are also polynomials of the form:
C(z_1) A 1 + c1z“* + . • • + cpZ"P
D(z“1) A 1 + d-|Z" 1 + ... + dqz_q-
The above TF model can also be specified in an alternative vector- 
matrix form which is more useful for deriving algorithms for the estimation 
of the unknown parameters:
yk ° a + Ik
5k = Ik 2 + ek (4.14)
where
Pk A a1 Sk -1 + ... + an ?k-n + ^k 
Jk M - y k-1 * •••» -yk-n» uk’ uk-nJ
a = Lai > • • • y an> ^o’ • * • » ^m]
^k = ^k-1 » •••» “ ^k-p> ek-1 > *•*> ek-ql
c A [ C1 , Cp, d1 , ..., dq]T
The model specified by equations (4 .13) and (4-14) contains parameters 
in the a and the c vectors that characterize the system model and the noise 
model, respectively, and are not exactly known beforehand. The estimation 
problem is then to use the sampled effective rainfall input data, u*, and 
storage output data, yk: first, to identify the number of parameters in a 
(n and m) and c (p and q) that define the model structure; next, to obtain 
consistent estimates of the parameters.
However, the estimation method must be chosen carefully. There are 
obvious limitations for example in applying a simple least squares 
methodology to a TF model, which is basically a structural model.
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4.3 Recursive Time Series Analysis
The estimation of TF models falls within the gamut of time series 
analysis. Many techniques are now availble for use and the interested 
reader is referred to Astrom and Eykhoff (1971) for a survey. Perhaps the 
approach propounded and used by Box and Jenkins (1970) is best known. 
Another is a recursive instrumental variable (IV) approach, for which Young 
(1971; 1972; 1984) is possibly the foremost proponent; broadly on the 
grounds that it is simple, effective and extremely robust in application to 
many forms of noise on the system (Young and Jakeman, 1979a). It does not 
require the rational spectral density assumption (that is, ARMA) on the 
noise to obtain consistent estimates. The recursive procedure for 
estimating the noise model when invoked is known as Approximate Maximum 
Likelihood (AML). Like the IV procedure, it has an inherent potential for 
updating parameter estimates while passing through the data serially.
For the estimation of the TF model of storage, the present study 
employs, as in Mahendrarajah (1981), the recursive IV-AML technique. Many 
of the advantages that led to its original choice stem from its recursive 
nature. For a formal derivation of the merits based on a vector-matrix 
formulation of the Ordinary Least Squares (OLS) analysis, the interested 
reader is referred to Young (1972; 1984). Also, a comparison of the 
recursive IV-AML technique with the block estimation techniques is found in 
Mahendrarajah (1981; pp.68-69).
4.3.1. The instrumental variable - approximate maximum likelihood
(IV-AML) technique
The Instrumental Variable - Approximate Maximum Likelihood (IV-AML) 
algorithms involve only simple modifications to the least squares solution. 
Roughly, an instrumental variable is defined as one that is uncorrelated
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with the residual or noise and highly correlated with the independent 
variable (Kendall and Stuart, 1961). As we shall see, it is used in the 
IV-technique, as in conventional statistics, to obviate the problem of 
noise induced asymptotic bias on structural models like the TF model.
The need for IV arises since the noise in the specified model is not 
independent. Recall that the specified storage model is:
yk = Sk t + nk
where
5k - t-~yk-1 ’ ' ’ ‘ ’ “yk-n’ uk ’ •••> utt-mJ
and
^k - a1^k-1 + *** + an ^k-n + ek
Clearly, in this relationship, the noise, and z^. are not independent.
In practice, consistent estimates can be obtained by the use of an IV- 
vector x^ . such as:
! k i  [ *k-1 ’ **'’ *k-n> uk ’ uk-rrJ
where the x^'s are the best estimates available of the noise-free portion 
of the noisy output = xk + Ck*
For the modified problem, the non-recursive solution can then be given 
as follows (see Young, 1974):
5k " ?k 5k
Vswhere Pi £ xi  
i=1
- 1 and bi 2 yii=1
This is similar in structure to that of the OLS solution to a regression 
problem. Adopting a procedure of manipulations similar to the one used for 
recursive least squares by Young (1972; 1974), the recursive solution can
be obtained as
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= Kk izk sk-i - yJ
kjk Pk-1 (4.15)
It may be noted that the recursive equations for ak and f>k are in 
terms of ak-1 and respectively.
It now remains to discuss an appropriate practical means of generating
Figure (4«3a)). Thus, if ä is the best current estimate of a then is 
obtained from
An iterative/recursive updating estimation procedure is used throughout in 
this study so that after a full recursive pass through the data (i.e., one
parameter estimates converge. Within each iteration the auxiliary model 
outputs in equation (4-16), which part of the IV sector xk, are generated 
using ä estimates from the last recursive step of the previous iteration. 
Thus, a is kept constant within an iteration. For the first iteration,
the recursive least squares algorithm is used to obtain initially biased 
estimates of a for use in equation (4*16). A maximum of 6 to 8 iterative 
updatings seem to be required before the parameter estimates converge, 
often much less, say 2 to 3»
Subsequently, a model of the basic process based on these IV estimates 
is used to generate the final estimate xk of the noise-free output x^.
A
This, in turn, yields an estimate of the noise sequence K k by reference 
to the equation:
Xj^ • Updating is accomplished using an auxiliary model of the system (see
iteration) according to equation (4.15), another is made until the
^k = yk - %
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In the second step of the estimation procedure, the sequence £ k 
obtained above, provides the input for the second recursive procedure, 
i.e., the AML algorithm. It provides consistent estimates of the noise 
model parameter vector c. By using the current estimates c of c, it also 
provides an estimate ek 0f the white noise ek by the relation:
where vk is the estimate of v^ containing the lagged and e^'s. 
Theoretical and operational details like initial values for aQ and f>0 are 
provided by Young (1972; 1974) and Young and Jakeman (1979a).
Used together, the recursive IV and the recursive AML provide a 
complete recursive technique for consistent estimation of parameters in TF 
models. In fact, a more recent version of this technique, known as the 
'refined' IV-AML algorithm, developed and reported by Young and Jakeman 
(1979a; 1980) and Jakeman and Young (1979; 1983), allows for coordinated 
estimation of the system and noise parameter vectors. It results in 
asymptotically efficient estimates, provided the assumption that the 
residuals conform to rational spectral density is valid. This is achieved 
through a mechanism of communication between the two sub-algorithms as the 
solution proceeds as schematically represented in Figure 4-3b. The IV-AML 
technique can also be unified within a maximum likelihood framework as 
discussed by Young (1976). This makes the approach statistically as 
rigorous as the conventional Box-Jenkins approach. However, the IV-AML 
technique has on-line potential and has been shown to provide greater 
insight into the system process. It is, therefore, considered at least 
complementary to the non-recursive approach (Young, 1974).
An estimate of the true variance-covariance matrix P* emerges 
naturally from the IV-AML algorithm. For the basic and refined IV 
technique, it is given by:
(4.17)
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where a is the variance of the ek sequence obtained from the corresponding 
AML algorithm. Alternatively, should we not wish to use AML results in the 
system model structure identification stage (i.e., in finding values of m 
and n), then:  ^ a
^N ~ a^2 %  (4.18) 
can be used where is the variance of the residuals ^  = y^ - x^ -* This
simplification avoids the identification and estimation of noise model 
parameters and has been shown to work extremely well in practice and in 
simulation tests (Young et al, 1980). In fact, it has proven as effective 
in identifying model order as the better estimate given by equation (4.17).
The IV-AML technique is available for use in a computer program 
package known as ’CAPTAIN' (see Jakeman, Young and Bayes, 1982).
4*3*2 Computer aided program for time series analysis and 
identification of noisy systems (CAPTAIN) package
The CAPTAIN package is built around several core programs, the most 
important of which implements the recursive IV-AML algorithms (Young and 
Jakeman, 1979b). The basic program for IV-AML identification and 
estimation is designed for the single input-single output TF model such as 
the rainfall-water storage model. Several enhancements are also available 
to this basic program. Among them are the TVAR facility for time varying 
parameter estimation, and the 'refined' IV-AML algorithm.
User manuals have been available for some time in conversational mode 
FORTRAN (Mutch and Whitehead, 1975) as well as in command mode FORTRAN 
(Venn and Day, 1977)* A micro-computer version is also now available. 
CAPTAIN allows the user to select various time series analysis options such 
as model order identification, parameter estimation, model simulation and 
validation. Also it provides the user with immediate visual output 
including graphical outputs on a visual display screen, such as the one
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used for this work, a Tectronix 4012 terminal with hard copying facilities. 
The visual-interactive operation of the package provides immediate 
information on the effect of the decisions of the analyst. Such a learning 
process is invaluable in time-series modelling. This facility is not 
available in other time series analysis programs such as the one of Box- 
Jenkins.
Successful applications of CAPTAIN (or the IV-AML technique) to 
hydrologic systems have been described by Whitehead et al (1979) for 
rainfall run-off modelling of the Bedford-Ouse River in U.K. and Whitehead 
et al (1978) for run-off routing of the Murrumbidgee River in Australia. 
CAPTAIN has also been used in a hydrological context by Mackay et al 
(1980), Lyne (1979), Blunden and Moodie (1978), Weeks (1977) and Jakeman, 
Greenaway and Jennings (1984)* All these applications involve run-off 
responses of catchments and relate also to the Australian situation. 
Mahendrarajah (1981) successfuly applied CAPTAIN to rainfall - dam water 
storage phenomenon, where 'basic' IV-AML was applied for model structure 
identification and preliminary estimation, and the 'refined' IV-AML was 
invoked for final estimation.
4*4 Estimation of Transfer Function Models
The effective rainfall-storage quantities are now linearly related. 
It must, however, be appreciated that this claim needs to be substantiated 
not only on the basis of improved model explanation of the storage data. 
Linearity has also to be checked by looking at behaviour of recursive 
parameter estimates. Here, determination of the parameter values of the 
filters and the IV-AML estimation of the TF storage model, making use of 
the effective rainfall sequence as input, are carried out jointly.
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4.4*1 Acquisition of data'*
Relevant data with respect to the case study dams were collected over 
the period extending from September 1983 to June 1984* The original 
intention was to arrange to collect water storage and other relevant data 
in all three dam sites, including W-Dam. Unfortunately, owing to 
escalating ethnic violence and the associated concern of safety, W-Dam had 
to be excluded from the programme of gathering fresh information. This 
precluded the possibility of validating with a fresh rainfall-storage data 
set the TF model that was estimated for this dam based on data collected in 
1976/77. On the other hand, for M-Dam and U-Dam, there had been no 
previous hydraulic or research records. Thus, extensive preparations were 
required.
Initially, dam-bed contour surveys were carried out hiring the 
services of a survey team to have capacity diagrams ready for the 
respective dams before the onset of the monsoon. For measuring the depth 
of water, a staff with markings in inches was used in each dam, where the 
staff was planted permanently on a concrete base at the lowest sluice. The 
depth of water could be read off easily standing in the bund near the 
sluice. The dams were empty until the third week of November. The water 
level in the dams were monitored commencing from that time along with 
rainfall and temperature measurements, which had, in fact, been commenced 
since September. Although the original plans were to gather data covering 
a full year, the collection of data in these dams too had to be abandoned 
in June 1984, owing to escalating violence which also forced the Field 
Assistant to flee from the area. Thus the storage data for these dams 
covered only 33 weeks excluding the dry months of July, August and 
September, where the evaporative loss or depreciation of storage is notably 
significant. Such a deficiency in data, as will be seen, could constrain
^All the data used in this study are presented in the Appendix.
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the ability to model water storage in these dams to sufficient detail, 
especially for the purposes of this study.
In another respect, the year 1984 turned out to be atypical. Because 
of unusually high dowpours during the first three weeks of February, flood 
conditions developed in this District. Eventually, this led to the 
breaching of many village dams. Fortunately, the dams under study were 
spared, but high discharge over the spillway continued during this period. 
Since the original instrumentation and frequency of observations were not 
geared to measure this element with precision, only an approximation could 
be made. The water releases through the sluices for irrigation were also 
measured at various times and taken into account. The formulae and the 
procedures of computation of the volume of spill discharge and that of the 
release through the sluices are discussed in the Appendix. Both of these 
kinds of outflows were added to the observed water level.
Supplementary information concerning the villagers, who are dependent 
on these dams for irrigating rice lands, was obtained from the records of 
the respective Cultivation Committees and Village Councils. A few selected 
water-users were also interviewed. Additional climatological data, in 
particular on rainfall, temperature and evaporation, were extracted from 
records maintained by the Irrigation Department at Giants Tank, a large 
lake which is located approximately 20 km away from the dam site. Records 
were available for only 11 years. The situation regarding the availability 
of similar data was relatively better for the W-Dam site. Data on rainfall 
and temperature for 20 years up to 1980 were already in hand. Additional 
data on these variables for the most recent years were gathered. 
Consequently, the complete data set comprising records of rainfall, 
temperature and evaporation for the W-Dam site covered 23 consecutive 
years. All such data were, in fact, extracted from records maintained at 
the Agrometeorological Station, which is located approximately 10 km away
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from the dam. Again, these and all the data used in this study are 
presented in the Appendix.
It may he noted that most of the data, including water storage, are in 
British units of measurement. The changeover to the Metric System was 
initiated in Sri Lanka in the mid-seventies, yet it is far from complete, 
especially in the area of volumetric measures. Only rainfall is measured 
in millimeters now. The unit of measurement of urban water supply is still 
in hundreds of gallons, whereas irrigation water continues to be dealt with 
in terms of acre-feet. The flow of water is measured in cubic feet per 
second (cusecs). A continuous flow of one cusec for 12 hours amounts to an 
acre-foot, which is defined as the volume of water standing to a height of 
a foot in an area of an acre. No attempt is made in this study to convert 
completely the volume measures to their Metric equivalents as it is thought 
desirable to conform to the units of measurement in practice. 
Consequently, a mix of units of measurement of both systems are used. For 
instance, rainfall and land area are referred to in Metric units, while 
water is dealt with in terms of acre-feet. For the purpose of comparison, 
it might be helpful to note that an acre-foot is equivalent to 1 .2335 
megalitres.
4*4*2 Model structure identification
As pointed out earlier, the problem of inferring a transfer function 
model from observed storage data can be considered in two interrelated 
stages. The first is concerned with the identification of the model 
structure, while the second stage concentrates on the estimation of values 
for the parameters of the model thus identified. In simple terms, the 
former involves the determination of the number of coefficients appearing 
in the various polynomials in (4*13)* The method adopted here depends in 
part on the results of model estimation carried out for different plausible 
model structures for the storage system. It is based on the assumption
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that a good model of time series data is one which provides both low 
residual errors and low parameter estimation error variance. An IV method 
of model structure identification is based on the evaluation of the changes 
in a number of test statistics computed during the above estimation.
It may be recalled that the recursive IV algorithm generates an 
estimate of the variance-covariance matrix, P*, of the parameter estimation 
errors at each recursive step according to the relations (4.17) and (4*18). 
The first estimate is accurate for the refined IV-AML for reasonable sample 
size provided the residuals have rational spectoral density. The second 
one is conservative for the basic IV-AML algorithm. If certain elements of 
Pk from either algorithm are large, it follows that the variance-covariance 
of the parameter estimation error has become large as might be expected if 
identifiability problems are encountered. One way of monitoring changes on 
this matrix is by computing the arithmetic mean of the diagonal elements of
A -x-the final P^. This mean constitutes a primary statistic and is referred to 
as Error Variance Norm (EVN), which is of the form:
1 m+n+1
EVN(n,m) = ____ £ p*j_
m+n+1 i=1
where p ^  is the i-th diagonal element of P^ corresponding to the 
estimated variance of the i-th parameter in a.
Another statistic in frequent use is the Normalised Error Variance 
Norm (NEVN)2 given by
NEVN(n,m)
m+n+1
n p. . 
E 11
m
+ I
Pn+i+1,n+i+1
i=1 Iaii i=0 ibii
with and being the final IV estimates. The statistic used to infer
pThis statistic is not needed if the inputs and outputs ae scaled 
initially.
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the residual error or the explanatory power of a model is the , which is 
defined as:
2 (yp-xi)2
R2 = 1 -  __________________  , 0 < < 12 -  -yi
where x^ is the final estimate of the noise free output given by equation 
(4.16).
The procedure is to find the model structure which yields a minimum 
EVN or (minimum NEVN) together with an R^ which is near to the plateau 
value. In general, a low order model will adequately represent the system 
whenever the R^ tends to the maximum for a full range of plausible models 
and the NEVN is relatively low. Identification of the structure of the 
noise model is not so clear cut and the interested reader is referred to 
Box and Jenkins (1970) and Akaike (1974). Various other checks are also 
required. A comprehensive strategy of model structure identification is 
given by Young et al (1980).
Model structure identification in the CAPTAIN package can be invoked 
quite straightforwardly. When its display option is invoked it computes 
and displays the above statistics, viz. log EVN, log NEVN and R^, for a 
range of given model orders. While the basic IV method is used for the 
identification of the system model structure, the noise model structure is 
implemented on the residual sequence, £k = Yk “ ^k* The choice of the 
optimal order of C and D polynomials is made on the basis of Akaike's 
information criterion (AIC). The structure of the noise model resulting in 
lowest AIC is chosen as optimal. These statistics emerge naturally and are 
discussed fully in Young et al (1980). It must be noted that model 
structure identification in the storage problem is initiated early whilst 
determination of the coefficients of the filters are underway. The system 
model as well as noise model turns out to be of low order in the case of
all three dams as evident from the ensuing discussion.
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4.4*3 Model estimation: results
As an illustration, Table 4.3 presents the results of basic IV-AML 
estimation of two of the best model structures for the case study dams in 
the DL3 region. On the basis of EVN and R^ , a model order of (1 ,0) emerges 
as optimal for the water storage system of both dams. Omitting details, 
the structure identified for the residual is purely autoregressive with 
only one parameter c^• It is interesting to note that the structure of the 
models identified for these dams are exactly the same as those established 
for the W-Dam in the previous study.
However, it must be noted that prefiltering of the actual rainfall 
data does not improve the explanation of the storage TF models in these 
dams, in strict contrast to that in W-Dam. The values of the coefficients 
of the filters for W-Dam have been reported as follows:
Temperature Filter: 0 = 0.012; 9 = 1 .0
Soil Moisture Filter: TC = 6; 6 = 1 .5
The notional maximum temperature, Tm , was 100°F.
It is also evident that in general the explanatory power of the models 
is lower than that obtained for W-Dam. For instance, the R^ value for 
the (1 ,0) models for the M-Dam and U-Dam are 0.87 and 0.75 respectively 
compared to a value of 0.97 for the W-Dam. This is likely to be due in 
part to the limited number of data points, which could not take into 
account the Dry Season's storage behaviour fully. The exclusion of this 
period could possibly be partly responsible for the lack of improvement in 
explanatory power when pre-filtering rainfall in these cases.
However, refined IV-AML does improve the explanatory power of the TF 
models of the two dams of the DL3 region and the resultant models have 
associated low EVN values. It is noted that the standard deviations of the
parameter estimates are lower than those of the basic IV-AML model. The
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TABLE 4.3
BASIC IV-AML ESTIMATES OF SELECTED TF MODEL ORDERS 
FOR THE DAMS IN THE DL3 REGION
Parameter/
Statistic
M--Dam U-Dam
Model 
Order 1
Model 
Order 2
Model 
Order 1
Model 
Order 2
al -0.688(0.127)
-0.801
(0.038)
-0.528
(0.133)
-0.899
(0.037)
a2 -0.116(0.125)
-0.373
(0.131)
bo 0.305(0.041)
0.303
(0.041)
0.632
(0.086)
0.587
(0.124)
C1 -0.529(0.154)
-0.609
(0.145)
-0.613
(0.145)
-0.789
(0.118)
d 2 215.2 262.6 1174.3 2720.2
R2 0.90 0.87 0.89 0.75
Log EVN -2.62 06.45 -4.26 -4.79
Log NEVN -4.49 -5.59 -3.48 -4.30
Akaikes AIC(l) 170.4 173.5 221.9 235.4
Notes: (a) Figures in parentheses refer to the standard errors 
of estimates.
(b) The CAPTAIN program selects (1,0), that is Model 2, 
as the best model order for either dam.
(c) Prefiltering the rainfall variable by soil moisture 
filter and/or temperature filter does not improve 
the goodness of fit any further.
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model fit obtained and the actual noisy storage output for these dams are 
graphed in Figure 4.4 along with the residual which is just the difference 
between the two. When compared with the model fit for W-Dam reproduced in 
Figure 4*5, this is not as impressive. The results of refined IV-AML 
estimation for all three dams are presented in Table 4.4* The structure of 
the system models are intuitively appealing. For instance, the refined IV- 
AML results suggest that the TF model of the M-Dam is of the form:
0.282
7k 1 - 0.819z- 1 uk 1 - 0.547z"1
Or equivalently,
II<X 0.819 xk_1 + 0.282 u^
IIId
<W' 0.547 £k-1 + ® k
7 k  = %  +
A
^ k
The system model can be interpreted as inferring that the water level in M- 
Dam in the current week is equal to 81.9 per cent of that in the previous 
week's storage in acre-feet plus 28 per cent of the current week's actual 
rainfall in millimeters. An examination of Table 4*4 reveals that the 
proportions vary from dam to dam. They are relatively higher for U-Dam 
which is larger than in the case the of M-Dam. For the W-Dam, these 
parameters are not only different but also have a much lower covariance 
than the other two dams. It must also be noted that the estimated variance 
of the white noise, is very much higher for both the M-Dam and the U- 
Dam than that of the W-Dam.
4*4.4 Implications for estimating inflows
It has been noted already that the effective rainfall value of a 
particular week is not equal to the resultant increment in storage in the 
dam. Nevertheless, from the results of estimation of a TF model, it is
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TABLE 4.4
REFINED IV-AML ESTIMATES OF THE TRANSFER FUNCTION MODEL
AND RELATED STATISTICS FOR THE CASE STUDY DAMS
Parameter/ W-Dam M-Dam U-Dam
Statistic
a1 -0.938 -0.819 -0.929(0.0028) (0.0206) (0.0011)
bo 0.687 0.282 0.449(0.0220) (0.0276) (0.0454)
Cov (a-j b0) 4«98 x 1o“5 4.78 x 10~4 4.32 x 10~4
C1 0.587 0.547(0.0853) (0.01530)
0.168
(0.0777)
02 3.87 183-33 4242.95
R2 0.97 0.89 0.87
Log EVN -8.311 -7.427 -6.821
Log NEVN -7.940 -6.433 -6.064
Notes: (a) Figures in parentheses represent the standard errors 
of estimates.
(b) The estimates pertaining to W-Dam are as reported by 
Mahendrarajah (1981).
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FIGURE 4.4
ACTUAL STORAGE AND REFINED IV-AML MODELS 
FOR M-DAM AND U-DAM
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FIGURE 4.5
ACTUAL WATER STORAGE AND REFINED IV-AML MODEL 
FOR W-DAM
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clear that the storage at a particular week is related to that of the 
previous week in a recursive fashion and that it is influenced upwards by 
the effective rainfall. For example, in the absence of any rainfall in the 
current week, the storage in the W-Dam is nearly equal to 93*8 per cent of 
that of the last week. The inflow into the dam through the effective 
rainfall contributes to an increase. This provides a basis for making a 
rough estimate of the inflow into the dam at a particular week.
In the absence of any withdrawal from the dam, the water storage level 
at week, k, is given by
^k
B( z 1 ) 
A(z~1") uk + ^ k
or alternatively by
A(z"1)yk = B( z-1 )u* + A(z"1) £ k
For example, substituting the estimates of the model of the W-Dam from 
Table 4*4, i.e.,
A(z“1) = (1 - 0.938 z“1); B(z-1 ) = 0.687;
we have
yk = 0.938 yk-1 + 0.687 u* + (1-0.938 z“1) £k
Thus, the inflow during the week, k, can be roughly equated to (yk
0.938yk_.|). It may be noted that here the inflow is equated in nominal 
terms to a fraction of the effective rainfall plus a portion of the noise 
component. By repeating the actual computation of (yk - 0.938 y^ .-j ) week 
by week the entire sequence of inflows can be estimated. In the absence of
actual past inflow measures, this inferred sequence provides a useful
estimate. Obviously, given the values of the TF model parameters, the
series of inflows of water into a dam for any rainfall history can be 
roughly estimated by first forecasting the storage levels.
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However, the estimated TF water storage model is not deterministic and 
has limitations when used for forecasting purposes. As will be seen, 
reliability of forecasts of storage levels can be enhanced by making use of 
a stochastic simulation model that takes into account the parameter 
uncertainties. Such a model can be developed easily with the statistics 
provided by IV-AML estimation. This is discussed in the next section.
4*5 Stochastic Dynamic Water Resource Model
The TF model assumes that a 'law of large systems', as discussed by 
Young (1978), applies to the storage phenomenon so that a relatively simple 
mathematical description can explain the simple observable system 
behaviour. Thus the model is intended to describe only the dominant 
observable modes of the system and it has not incorporated explicitly the 
detailed internal mechanisms involved. Besides, measurement errors of 
variables also introduce a stochastic element. As a consequence of all the 
foregoing aspects, the TF model incorporates a stochastic component and 
based its method of estimations statistically based.
In such a model, the parameter estimates have an inherent variability. 
Statistical description of such uncertainty of parameter estimates provides 
a range over which each parameter in the model is known to vary to a given 
level of confidence. The associated uncertainty in the model output or 
forecast can be studied with the aid of Monte Carlo analysis. This is, in 
other words, a stochastic simulation technique applicable, in particular, 
to problems having a probabalistic basis such as the one under 
consideration. In an operational context, it entails the construction of a 
probabalistic model of the storage system to be studied. Subsequently, the 
system behaviour is simulated a large number of times with the model 
defined for each repetition. Each time the values of the uncertain 
parameters are selected at random from the estimated parent probability
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distributions.
4•5•1 Monte carlo analysis procedure
The incorporation of parameter uncertainty in stochastic simulation 
involves multivariate statistical procedures. These are determined largely 
by the statistical properties of the estimates. With respect to the 
recursive IV-AML estimates of TF models, the following properties noted by 
Young and Jakeman (1979) are of interest.
(i) a and c, the estimates of the parameter vectors in the system and 
noise model respectively, converge to the true parameter values a 
and c asymptotically; while the two sets also become 
asymptotically independent;
(ii) the parameters will have asymptotic normal distributions and the 
sample variance-covariance matrix of the system model and noise 
model parameter estimates provide good estimates of their true 
variance-covariance matrices.
Further, it is also known that a multivariate normal distribution is 
defined for a vector of random variables where each element of the random 
vector is a random normal variable with given mean and variance. It 
follows then that the estimates of the system and noise model parameter 
vectors a and c originate from two independent multivariate normal 
distributions.
The vector of random normal variates for the system model, for 
instance, can be denoted by a, which is of course (m+n+1) dimensional, and 
the mean vector ä is such that:
E I a } = a
Also, its variance-covariance matrix can be represented by P where,
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P* = E i ( a - ä ) ( a - ä ) T)
P1 ,m+n+1 
Pm+n+1 , m+n+1
I n  t h i s  e x p r e s s i o n ,  ( i = j )  d e n o t e s  t h e  v a r i a n c e  o f  t h e  i - t h  e l e m e n t  ( o r
p a r a m e t e r ) ,  and p — ( i ^ j )  d e n o t e s  t h e  c o v a r i a n c e  b e tw e en  t h e  i - t h  and j - t h  
e l e m e n t s  o f  t h e  v e c t o r  o f  random n o r m a l  v a r i a t e s .
C o n v e r s e l y ,  t h e  v e c t o r  o f  r a n d o m  n o r m a l  v a r i a t e s  w i t h  a g i v e n  mean  
v e c t o r ,  a ,  and  a v a r i a n c e - c o v a r i a n c e  m a t r i x ,  P , c a n  be g e n e r a t e d  by  t h e  
f o l l o w i n g  r e l a t i o n s .
a  = L z + ä ( 4 . 1 9 )
and
l l T = p*
P11
pi j
Pm+n+1 ,1
w h e r e ,  z i s  a s t a n d a r d  n o r m a l  v e c t o r .  The r e l e v a n t  t h e o r e m  h a s  b e e n  
d i s c u s s e d  by Anderson  (1958,  p.19)• F u r t h e r ,  i t  mus t  be n o t e d  t h a t  P* i s  a 
s y m m e t r i c  p o s i t i v e  d e f i n i t e  m a t r i x  and t h e r e f o r e ,  i t  can be decomposed i n t o  
a s i m p l e r  and u n ique  l o w e r  t r i a n g u l a r  m a t r i x  L such  t h a t  LL^ = P* 
where
L
11
i i
0
m+n+1 ,1
£
• m+n+1 , m+n+1
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O p e r a t i o n a l l y ,  t h e  l o w e r  t r i a n g u l a r  d e c o m p o s i t i o n  o f  P c a n  be  
p e r f o r m e d  i n  a s e r i e s  o f  s t e p s  as  shown be low:
£
i l
P i l
P l l
£ i i
i -1
Z
k=1
«H
p i j  “  ^ P ik  P jk
P i j
, 1 < i  < (m+n+1)
, 1 < i  < (m+n+1)
, 1 < j  < i  < (m+n+1)
The p r o c e d u r e  i s  r e l a t i v e l y  s i m p l e  when t h e  number o f  p a r a m e t e r s  i n  
t h e  v e c t o r  a i s  s m a l l .  When t h e  n u m b e r  o f  p a r a m e t e s  a r e  o n l y  t w o ,  a s  i n  
t h e  c a s e  o f  models  i d e n t i f i e d  i n  t h i s  s t u d y ,  t h e  c o m p u t a t i o n  i s  r e s t r i c t e d  
to  o n l y  t h r e e  e l e m e n t s ,  v i z .  £ ^ , £ 2 1  and £ 2 2 * py s u b s t i t u t i n g  th e  r e s u l t s  
i n t o  e q u a t i o n  (4.19) ,  we have
a
h
P 1 1 *Z1
+
P21 
P11
z 2 +
22
+
where ,  and z2 a r e  i n d e p e n d e n t  s t a n d a r d  normal  v a r i a t e s .
( 4 . 2 0 )
4 .5 * 2  S im u la te d  w a t e r  s t o r a g e :  W-Dam
The s t o c h a s t i c  s i m u l a t i o n  o f  w a t e r  s t o r a g e  i n  t h e  dams u n d e r  s t u d y  i n v o l v e s  
t h r e e  p a r a m e t e r s ,  namely ,  a 1 , b0 and c 1 • O th e r  p a r a m e t e r s  such  as  t h e  ones i n  
t h e  f i l t e r s  a r e  a s s u m e d  n o t  t o  v a r y .  The c o n s t r u c t i o n  o f  t h e  s t o c h a s t i c  
s i m u l a t i o n  model  can be i l l u s t r a t e d ,  f o r  exam ple ,  by c o n s i d e r i n g  th e  c a s e  o f  t h e
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W-Dam. By r e p l a c i n g  i n  e q u a t i o n  (4*20) t h e  e s t i m a t e d  s t a t i s t i c s  p e r t a i n i n g  to  
t h i s  dam from T a b le  4*4, we have t h e  sa m p le  v a l u e s  d e f i n e d  as :
a 1 = 0 .9 3 8  + 0 .0 0 2 8  z-j
4 . 9 8  x 10-5 
3 0 = 0 .6 8 7  + ______________
0 .0 0 2 8
Z 1
( 4 . 9 8  x 10-5 )2
( 0 .0 0 2 8 )2
z 2
( 4.21  )
I t  i s  c l e a r  t h a t  a -| and $ 0 a r e  g e n e r a t e d  a s  c o r r e l a t e d  random  n o r m a l  
v a r i a t e s  f o r  t h e  p a r a m e t e r s  a-j a nd  b 0 . On t h e  o t h e r  h a n d ,  g e n e r a t i n g  
s a m p l e  v a l u e s  f o r  t h e  n o i s e  m o d e l  p a r a m e t e r  i s  s t r a i g h t f o r w a r d .  S a m p l e  
v a l u e ,  y-| , f o r  c  ^ can be drawn from a n o r m a l  d i s t r i b u t i o n  such  t h a t :
Y = 0 .5 8 7  + 0 .0 8 5 3  z^ ( 4 . 2 2 )
where ,  z^ i s  a s t a n d a r d  n o rm a l  v a r i a t e .  By random ly  s e l e c t i n g  v a l u e s  f o r  
t h e  p a r a m e t e r s  ai  , b Q and  c-| e a c h  s i m u l a t i o n  r u n  g e n e r a t e s  a f o r e c a s t  o f  
w a t e r  s t o r a g e  a c c o r d i n g  to :
3 o * ^
Yk = __________  * u k + __________  • e k > k = (1 , . . . ,  45 )  ( 4 .2 3 )
A
1+o6|Z_1 1+Yiz~
A f t e r  a s u f f i c i e n t  number o f  s i m u l a t i o n  runs  a r e  c o m p le te d  w i t h  a g i v e n  
y e a r ' s  r a i n f a l l  d a t a ,  t h e  f r e q u e n c y  d i s t r i b u t i o n  o f  s t o r a g e ,  y^> i n  e a c h  
week,  k, can  be used  to  compute t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  o f  s t o r a g e  
i n  t h a t  week. C e r t a i n l y ,  t h e  more t h e  s i m u l a t i o n  runs  t h e  more a c c u r a t e  i s  
t h e  r e a l i z e d  p r o b a b i l i t y  d e n s i t y .  On t h e  b a s i s  o f  a K o l m o g o r o v - R e n y i  
s t a t i s t i c  d i s c u s s e d  by S p e a r  ( 1 9 7 0 ) ,  186 (2 0 5 5 )  s i m u l a t i o n  r u n s  a r e
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r e q u i r e d  to  o b t a i n  t h e  c u m u l a t i v e  d i s t r i b u t i o n  o f  y a c c u r a t e  to  0.10 (0.03)
X.
l e v e l .
The mean and s t a n d a r d  d e v i a t i o n  computed f o r  each  week can be used  to  
d e s c r i b e  t h e  o v e r a l l  s t o r a g e  w i t h  a mean and c o n f i d e n c e  band.  F i g u r e  4.6 
d i s p l a y s  t h e  r e s u l t s  o f  s t o c h a s t i c  s i m u l a t i o n  o f  t h e  s t o r a g e  f o r  t h e  y e a r  
1976/77* The u p p e r  and l o w e r  bounds shown by dashed  l i n e s  a r e  r e s p e c t i v e l y  
one  s t a n d a r d  d e v i a t i o n  a b o v e  and  b e l o w  t h e  mean  s t o r a g e  d i s t r i b u t i o n .  
Thus,  i f  t h e  s i m u l a t e d  o u t p u t s  c o u ld  be assumed to  be s a m p le s  f rom a n o r m a l  
d i s t r i b u t i o n ,  t h e n  t h e s e  bounds  would r e p r e s e n t  t h e  67 p e r  c e n t  c o n f i d e n c e  
l i m i t s .  These were computed  on t h e  b a s i s  o f  2055 s i m u l a t i o n  runs .  Such a 
s t o c h a s t i c  s t o r a g e  m o d e l  c h a r a c t e r i z e d  by e q u a t i o n s  (4.21 ) ,  ( 4 . 2 2 )  a nd  
(4*23), p r o v i d e s  a m e a n i n g f u l  a p p ro a c h  t o  f o r e c a s t  w a t e r  s t o r a g e  b e h a v i o u r  
f o r  d i f f e r e n t  r a i n f a l l  d a t a .
4«5*3 Water  s t o r a g e  f o r e c a s t s
The a b i l i t y  t o  f o r e c a s t  t h e  w a t e r  s t o r a g e  b e h a v i o u r  e n a b l e s  u s  t o  
s t u d y  t h e  i s s u e s  r e l a t e d  t o  t h e  w a t e r  r e s o u r c e  and  i t s  a l l o c a t i o n  u n d e r  
v a r i o u s  r a i n f a l l  r e g i m e s .  C l e a r l y ,  i n  t h e  a b s e n c e  o f  a c t u a l  p a s t  
o b s e r v a t i o n s  o f  s t o r a g e  t h e  s t o c h a s t i c  dynamic w a t e r  s t o r a g e  model  o f  t h e  
dam p r o v i d e s  a v a l u a b l e  a l t e r n a t i v e  t o  make p r e d i c t i o n s .  The r e l i a b i l i t y  
o f  such  f o r e c a s t s  can be enhanced  by v a l i d a t i n g  t h e  model  w i t h  many y e a r s '  
a c t u a l  r a i n f a l l  and s t o r a g e  d a t a .  H o w e v e r ,  t h e  m o d e l s  o f  a l l  t h r e e  dam s  
a r e  based  on one y e a r ' s  o b s e r v a t i o n s  and t h e r e f o r e  a r e  n o t  v a l i d a t e d .  They 
p r o v i d e  an a c c e p t a b l e  b a s i s  o f  f o r e c a s t i n g  s t o r a g e  based  on r a i n f a l l  d a t a  
b u t  t h e y  sho u ld  be t r e a t e d  w i t h  c a u t i o n  u n t i l  f u r t h e r  d a t a  a r e  g a t h e r e d  and 
t h e  models  v a l i d a t e d  so t h a t  a h i g h e r  r e l i a n c e  can be p l a c e d  on f o r e c a s t s .
The aim o f  f o r e c a s t i n g  w a t e r  s t o r a g e  i n  t h i s  s t u d y  i s  to  examine  t h e  
n a t u r e  o f  a l l o c a t i o n  o f  a w a t e r  r e s o u r c e  when i t  v a r i e s  f rom y e a r  to  y e a r .  
Fo r  t h i s  p u r p o s e ,  i t  i s  t h o u g h t  d e s i r a b l e  to  c o n f i n e  the  a t t e n t i o n  o n l y  t o  
t h e  c a s e  o f  W-Dam. Amongst  t h e  r e a s o n s  f o r  such  a c h o ic e  a r e  t h a t :
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(i) the TF model of this dam is based on a relatively larger number 
of data points (45 in all) covering almost the entire year;
(ii) the IV-AML model has a high explanatory power and the estimates 
of parameters have a relatively low variance in comparison to 
those of the models of the other dams;
(iii) there are many basic agronomic research findings available in 
relation to the DL1 region and, in particular, with respect to 
this dam, which has been one of the sites of the Government's 
Department of Agriculture for field research regarding cropping 
systems; and
(iv) relevant rainfall and other climatic data for this dam are 
accessible for a larger number of years than in the case of the 
other two dams.
The forecasts of storage obtained by implementing the stochastic 
simulation model defined by equation (4*21 ), (4.22) and (4*25) for 25
years' rainfall data is presented in Table 4.5» The results include the 
mean level of storage in each week and the associated coefficient of 
variation. It is the efficient allocation of the forecast mean storage 
over each year that is the concern of this study. One of the prerequisites 
for making such an allocation is a knowledge of the demand functions for 
the water resource under consideration and their determination of demand 
functions isre discussed in the next chapter.
4.6 A Summary
The contents of this chapter can be summarized as follows:
(i) A transfer function time series modelling approach has been 
discussed and demonstrated as a viable basis to quantify water
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r e s o u r c e s  o f  v i l l a g e  dams. B a s i c a l l y ,  i t  i s  s i m p l e  and r e l a t e s  
w e e k l y  o b s e r v a t i o n s  o f  w a t e r  l e v e l  i n  t h e  dam t o  t h e  r a i n f a l l  
e x p e r i e n c e d  i n  t h e  c o r r e s p o n d i n g  w e e k s .  The m o d e l  i s  b a s e d  on 
s y s t e m s  a n a l y s i s  c o n c e p t s  w h i c h  f o r m a l i z e  t h e  r a i n f a l l - w a t e r  
s t o r a g e  p r o c e s s  a s  a d i s c r e t e  l i n e a r  dynamic sy s te m .  An a t t e m p t  
h a s  a l s o  b e e n  made t o  e x a m i n e  t h e  v a l i d i t y  o f  t h e  TF m o d e l  
a p p r o a c h  f o r  dam s  i n  d i f f e r e n t  p a r t s  o f  t h e  Dry Zone o f  S r i  
Lanka.
( i i )  The  r e c u r s i v e  i n s t r u m e n t a l  v a r i a b l e - a p p r o x i m a t e  maximum 
l i k e l i h o o d  ( iV-AML) t e c h n i q u e  p r o p o u n d e d  by Young ( 1 9 7 2 ;  19 8 4 )  
h a s  been  used  i n  t h e  e s t i m a t i o n  o f  t h e  t r a n s f e r  f u n c t i o n  model .  
The b a s i c  IV-AML a l g o r i t h m  h a s  been  used  i n  t h e  i d e n t i f i c a t i o n  o f  
t h e  model  s t r u c t u r e .  S u b s e q u e n t l y ,  i t s  r e f i n e d  v e r s i o n  h a s  been  
i n v o k e d  t o  o b t a i n  e f f i c i e n t  e s t i m a t e s  o f  p a r a m e t e r s  o f  t h e  
i d e n t i f i e d  model .
( i i i )  Two dams, n am e ly  t h e  M-Dam and t h e  U-Dam, from t h e  DL3 r e g i o n  a r e  
c o n s i d e r e d  a l o n g  w i t h  t h e  W-Dam f r o m  t h e  DL1 r e g i o n  o f  t h e  Dry  
Zone. The TF model  f o r  W-Dam, which  was e s t i m a t e d  e a r l i e r ,  was 
b a s e d  on w e e k l y  d a t a  f o r  45 w e e k s  i n  1 9 7 6 / 7 7 .  W h e r e a s ,  i n  t h e  
c a s e  o f  t h e  o t h e r  tw o  dams  o n l y  33 w e e k s '  d a t a  on r a i n f a l l  a nd  
w a t e r  s t o r a g e  c o l l e c t e d  i n  1983/84  a r e  used .
( i v )  I n  o r d e r  to  l i n e a r i z e  t h e  r a i n f a l l - s t o r a g e  s y s te m ,  two p r e f i l t e r s  
h a v e  b e e n  e m p l o y e d .  T h e  f i r s t  o n e  c o m p e n s a t e s  f o r  t h e  
t e m p e r a t u r e  d e p e n d e n t  n o n l i n e a r i t i e s ,  w h i l e  t h e  s e c o n d  one  
m o d u l a t e s  f o r  s o i l  m o i s t u r e  e f f e c t s .  I n  t h e  c a se  o f  t h e  W-Dam, 
t h e y  r e m a r k a b l y  im proved  e x p l a n a t o r y  power o f  t h e  model.  I n  t h i s  
r e g a r d ,  t h e  s o i l  m o i s t u r e  f i l t e r  r e q u i r e d  e x p o n e n t i a l  w e i g h t i n g  
i n t o  t h e  p a s t  s i x  weeks and a l s o  a s l i g h t  d i f f e r e n t i a l  w e i g h t i n g
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for the Wet and Dry Season rainfalls. Compensation for 
temperature effects was simple and incorporated a function based 
on the difference of the weekly mean temperature from a notional 
maximum of 100°F. These prefilters do not appear to improve the 
explanatory power of the models of the M-Dam and the U-Dam 
significantly but this is most likely due to insufficient data in 
these cases to perform a satisfactory identification.
(v) Quite interestingly, the model structure not only turns out to be 
simple and parametrically efficient but is also of the same kind 
in all three dams. The system model and the noise model are both 
of the order (1 ,0) - Yet, the values of recursive IV-AML 
estimates of the models and their explanatory power of data are 
much different. However, this is not unexpected. While the 
model for the W-Dam explained 97 per cent of the variation in 
storage data, those for the M-Dam and the U-Dam could explain 
only around 89 per cent. The variance of parameter estimates 
were also relatively higher for the latter group of dams. The 
smaller number of sample points and the corruption of data due to 
flood conditions in early 1984 appear to account for the weaker 
performance of the model in these dams.
(vi) A stochastic dynamic simulation model for water storage was 
developed on the basis of parameter estimates obtained employing 
the recursive refined IV-AML technique. This appears to have the 
ability to provide reliable forecasts of storage for different 
rainfall situations, effectively taking into account parameter 
uncertainty. Probabilistic forecasts of storage were made for 
the W-Dam for 23 different rainfall data sets. Such forecast 
values are useful in the absence of actual observations, to study 
issues of efficient allocation of the resource under a varying
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rainfall environment. In view of its many advantages, the W-Dam 
is chosen for our study of water allocation issues.
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CHAPTER 5
WATER IN THE PRODUCTION FUNCTION:
A SIMULATION AND DYNAMIC PROGRAMMING APPROACH
Introduction
A prerequisite for resolving the issues concerning the water 
allocation under consideration is a knowledge of the derived demand 
schedules for the water resource in the different seasons. The relevant 
ones are, as pointed out in chapter 3, the demand functions for water among 
members of the village in the Wet and in the Dry Seasons for the production 
of rice. They involve the derivation of value of marginal product (VMP) 
for water in the respective seasons in the process of producing rice, which 
is confined to the rice land below the dam. The VMP curve of water of a 
particular season can be derived from the corresponding production function 
and the price of rice. Clearly, for this purpose, the production function 
of rice must have water incorporated explicitly as a variable input.
This chapter discusses the approach adopted in this study to derive 
empirically short run production functions or crop response functions of 
rice for water input. These functions are derived with respect to the 
climatic conditions prevailing in the area at the particular season. 
Therefore, they are specific to the location and also to the year under 
consideration. For instance, the Wet Season's production function derived 
for year A can be different from that for year B. An important feature of 
this approach is the provision to derive such functions for various areas 
of rice in the command area. Secondly, the production function is placed 
within the framework of optimising the water storage in the dam.
The production functions derived in this study can be categorized as 
synthesized production functions as opposed to conventional estimated
functions which are based on statistical estimation techniques. Estimated
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functions for water incorporate, in addition to actual input and output 
data, aspects of physical and biological principles concerning soil, water 
and plant growth relationships to varying degrees. For synthesized 
functions like the one developed here, the latter relationships are 
central.
The first section of this chapter introduces the most relevant 
concepts with reference to rice. In the second section, some of the 
available estimated production functions and their methods are reviewed for 
their potential usefulness. The elements of the synthesized production 
function developed here are discussed in the next section. Included in 
this section is the simulation model of the crop irrigation system for 
rice. This is the principal constituent in the derivation of the 
functions. The aspect of intraseasonal distribution of irrigation is 
discussed in the fourth section, which presents and discusses the complete 
Simulation-Dynamic Programming Model of production function. In conclusion, 
this section summarizes the limitations of this approach.
5•1 Plant-Soil-Water Complex
For water, the soil supporting the crop functions as a temporary store 
whereby it is gradually released to the crop plants. Soil is thus the link 
between the irrigation water and its extraction by the crop for growth. 
The various relationships are bound by physical and biological principles. 
In irrigation agronomy literature such as, for example, Kramer (1969), the 
set of principles governing the relationship between water in the soil 
and its extraction by plants is referred to as plant-water relations. 
Similarly, those binding the soil and the water are known as soil-water
relations.
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5.1.1 Soil-water relations
The value of water for plant growth is derived through its effect on 
the moisture level in the soil. Soil holds water in the pore space between 
the soil particles. When water from rainfall or irrigation completely 
fills these spaces to the complete exclusion of air the soil is said to be 
water-logged. Usually this is only temporary. In a free draining soil a 
portion of the water, under the influence of gravity, drains into lower 
layers. When the inflow of water stops, air gradually replaces the space 
of the draining water. Eventually, the pull of gravity is balanced by the 
capillary force and surface tension of a film of water around the soil 
particles. Drainage downward virtually ceases and the soil layer is said 
to be at field capacity (FC), which defines the maximum amount of water 
that can be held in a layer of soil at any time.
The film of moisture around the soil particles is the source of water 
for plant roots. As the water is depleted, the film remaining around the 
soil particles becomes thinner and the tension with which it is held known 
as soil moisture tension (SMT) increases, so that the roots have to exert 
an ever increasing suction in order to obtain the water. Eventually the 
soil moisture tension becomes too great for the plant to extract water 
sufficiently rapidly to remain turgid and perform normal functions. 
Prolongation of this condition leads to wilting and the soil is said to be 
at permanent wilting point (PWP). This defines for a particular type of 
soil the moisture content at which all ordinary plants wilt permanently. 
FC and PWP are characteristics which are unique and remain constant for a 
soil irrespective of the kinds of plants growing in it. It is customary to 
define the moisture content within the range of FC and PWP as the water 
holding capacity (WHC) of the soil, measured in mm (inch) of water per 
meter (foot) of soil layer.
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The aim of irrigating is to restore the available soil moisture in the 
rootzone to FC whenever it falls to a certain level. If more water is 
applied than is needed to bring a volume of soil back to FC, it will be 
wasted through drainage. The emphasis is on returning the soil to FC 
rather than say 80 percent FC or some other level. Although it is possible 
to allow the value to fall to any level, it is impossible to wet a given 
volume of soil to less than FC. Water will not move downward in soil until 
FC is reached in a layer. As more water is applied, the soil at 
progressively lower depth will become wetted to FC. This water needs to be 
applied a number of times at suitable intervals in sufficient amount to 
return the entire root zone to FC. Irrigating to less than the root zone 
constitutes 'underirrigation' which deprives the plants of soil volume from 
which to draw moisture and nutrients. It will also lead to advancing the 
time at which a succeeding irrigation is required. Underirrigation is 
hazardous in the Dry Season, when the subsoil layers are also very dry, It 
will result in the onset of moisture stress in the crop sooner than in the 
Wet Season where the soil has deep reserves due to supply influences. The 
foregoing soil-water principles outline the basis for irrigation and the 
available control variables in irrigation practices.
5.1.2 Soil moisture and evapotranspiration
Unlike the soil-water relationships there seems to be considerable 
disagreement among scientists about the precise relationships of soil 
moisture to plant growth. The water use by the plant is referred to as 
consumptive use of which over 99 percent is utilized in sustaining the 
vital function of transpiration through the aerial organs of plants and is 
lost to the atmosphere as vapour. The transpiration is essential for 
keeping the plant cool and for dry matter accumulation. Transpiration and 
evaporation losses through the exposed soil are jointly referred to as
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evapotranspiration (ET). ET, stated as a ratio to potential
evapotranspiration (PET) is known as relative evapotranspiration (RET). 
PET is the most important indicator of consumptive use of the crop and 
represents for the particular stage of the crop the maximal ET, dependent 
only on the weather.
In the literaure on the nature of relationships between the soil 
moisture content and the plant growth, two areas of contention can be 
discerned, viz:
(i) the relationship between the soil moisture content and relative 
evapotranspiration; and
(ii) the relationship between RET and dry matter accumulation and 
development of the crop.
There is a concensus among scientists in that if the soil moisture on 
any day is at FC, the actual evapotranspiration is at its maximum and 
equals PET, and that the growth and dry matter accumulation are at their 
maximum for the day. However, there are diverse views with regard to the 
relationship when the moisture content is lower than FC. One school due to 
Viehmeyer and Hendrikson (1950) holds that the utilisation of soil moisture 
by plants is uniformly effective throughout the whole range between FC and 
PWP and that retardation in plant growth, if any, is negligible till the 
soil moisture reaches the PWP. The concept is known as equal availability 
theory and has two important implications. First, it implies that the soil 
moisture regime and availability are completely characterized by the soil 
moisture content alone and that soil moisture tension is irrelevant. 
Secondly, if this is strictly adhered to there is no need to irrigate as 
long as the soil moisture has not reached PWP. This lends support to the 
concept of a unique and unsubstitutable water requirement of crops rather 
than crop-water response functions. A second school argues that plant
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g r o w th  r a t e  s t e a d i l y  d e c l i n e s  as  t h e  a v a i l a b l e  s o i l  m o i s t u r e  c o n t e n t  f a l l s  
b e l o w  FC, and  g r o w t h  c e a s e s  when t h e  PWP i s  r e a c h e d .  T h i s  i s  due  t o  
T h o r n t h w a i t e  and M athe r  (1955)* These two e a r l y  v i ew s  have l i t t l e  c u r r e n t  
s u p p o r t .  E x p e r i m e n t a l  e v i d e n c e s  s u g g e s t  t h a t  ET-PET d e p e n d s  on mean  
m o i s t u r e  t e n s i o n  i n  t h e  r o o t  zone and t h a t  i t  d e c l i n e s  c o n s i d e r a b l y  f a s t e r  
a s  t h e  PWP i s  a p p ro a c h e d  ( S t a n h i l l ,  1957; Mustonen  and McGuinness ,  1968; 
Denmend and Shaw, 1962).
A f o u r t h  g roup  o f  s t u d i e s  s u g g e s t s  t h a t  ET-PET r a t i o  i s  a f u n c t i o n  o f  
b o th  s o i l  m o i s t u r e  and a t m o s p h e r i c  demand (Denmead and Shaw, 1962; F l i n n ,  
1 9 6 8 ) .  F l i n n  s u g g e s t e d  t h a t  f o r  a n y  p l a n t - s o i l - c o m p l e x ,  t h e r e  i s  a 
f u n c t i o n a l  r e l a t i o n s h i p  b e tw e e n  t h e  maximum r a t e  a t  wh ich  t h e  p l a n t s  can  
e x t r a c t  m o i s t u r e  f r o m  t h e  s o i l  ( E m) and  t h e  s o i l  m o i s t u r e  c o n t e n t .  T h i s  
s u g g e s t s  t h a t  t h e  ET-PET r a t i o  i s  a f u n c t i o n  o f  PET and  s o i l  m o i s t u r e  
c o n t e n t s ,  s i n c e
ET - PET i f PET <
ET = Emm i f PET > Em
B r o a d ly  s p e a k i n g ,  Em depends  on t h e  s o i l  m o i s t u r e  l e v e l  and f a l l s  a s  
t h e  l a t t e r  f a l l s ,  w h e r e a s  PET depends  on m e t e o r o l o g i c a l  c o n d i t i o n s .  When 
Em i s  l e s s  t h a n  s u f f i c i e n t  to  a l l o w  ET to  p r o c e e d  a t  t h e  p o t e n t i a l  r a t e ,  as  
i n  t h e  s e c o n d  e q u a t i o n  i n  ( 5 *0 , t h e  p l a n t  i s  s a i d  t o  be s t r e s s e d .  As i n  
F l e m in g  (1964) ,  t h e  above  s e t  o f  e q u a t i o n s  can be r e s t a t e d  as
ET = a  .PET 
Em
where a  = -------  0 < O < 1 (5*2)
PET
F l i n n  (1968) and Dudley  (1971 a , 1971b) used  t h i s  a p p ro a c h  to  d e t e r m i n e  t h e  
n u m b e r  o f  s t r e s s  d a y s  d u r i n g  t h e  g r o w i n g  s e a s o n  o f  c o r n  c r o p s .  The 
a p p r o a c h  o f  Denmead  and  Shaw (1 9 6 2 )  was u s e d  by  D a l e  and Shaw (1 965 )  and
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F l i n n  and Musgrave (1967)  t o  d e t e r m i n e  t h e  number o f  s t r e s s  days as  a g a i n s t  
n o n s t r e s s  days .
By i m p l i c a t i o n  t h i s  l a s t  g r o u p  o f  s t u d i e s  s u g g e s t  t h a t  p l a n t  g r o w t h  
p r o c e e d s  a t  t h e  maximum r a t e  u n t i l  ET d ro p s  be low PET a t  which  p o i n t  g ro w th  
c e a s e s .
5 . 1 . 3  E v a p o t r a n s p i r a t i o n  and p l a n t  growth
The c o n c e p t s  o f  ET and PET i n  s o i l  m o i s t u r e  r e l a t i o n s h i p s  have e n t e r e d  
a p p r o a c h e s  t o  e x p l a i n  s o i l  m o i s t u r e  p l a n t  g r o w th  r e l a t i o n s  i n  v a r i o u s  ways. 
R e u t l i n g e r  and S e a g r a v e s  (1962), u s i n g  t h e  a r g u m e n t s  o f  T h o r n t h w a i t e  and  
M a the r  ( 1955), assumed t h a t  g r o w th  would n o t  be s u b s t a n t i a l l y  hampered as  
l o n g  a s  t h e  ET -  PET r a t i o  ha d  a v a l u e  g r e a t e r  t h a n  0 .5 . B e t w e e n  0.5  and  
z e r o ,  g r o w t h  was assumed t o  d e c r e a s e  l i n e a r l y  to  ze ro .  F l i n n  (1971), u s i n g  
an  ET -  PET r a t i o  e s t i m a t e d  on t h e  b a s i s  o f  t h e  a p p r o a c h  o f  Denmead  and  
Shaw (1 9 6 2 ),  a s s u m e d  t h a t  g r o w t h  on a n y  d a y  i s  r e d u c e d  l i n e a r l y  f r o m  non  
s t r e s s  l e v e l  t o  z e r o  a s  t h e  ET -  PET r a t i o  d r o p s  f r o m  1 .0 t o  0 . 5 * H i l e r  
and C l a r k e  (1973) p ro p o se d  a s i m i l a r  s t r e s s  in d e x ,  w i t h  t h e  a s s u m p t i o n  t h a t  
g r o w th  i s  l i n e a r l y  r ed u c e d  to  z e ro  as  t h e  ET -  PET r a t i o  f a l l s  f rom 1.0 t o  
z e r o .
A l l  t h e s e  s t u d i e s  d e v e l o p  i n d i c e s  t h a t  c o u l d  be  c a l c u l a t e d  w i t h o u t  
e x p e r i m e n t a l  d a t a  on ET.
5 . 1 . 4  P l a n t - s o i l - w a t e r  r e l a t i o n s  i n  r i c e
H a s e g a w a  e t  a l  ( 1 9 7 9 )  s u c c e s s f u l l y  r e l a t e d  a c t u a l  e v a p o t r a n s p i r a t i o n  
t o  PET a s  a f u n c t i o n  o f  s o i l  m o i s t u r e  c o n t e n t  f o r  d r y  l a n d  r i c e .  They  
p o i n t e d  o u t  t h a t  t h e  e f f e c t  o f  s t r e s s  i s  e n c o u n t e r e d  a t  h i g h e r  l e v e l s  o f  
s o i l  m o i s t u r e  f o r  r i c e  t h a n  f o r  o t h e r  h i g h l a n d  c r o p s .  T h i s  p a t t e r n  i s  
s u p p o r t e d  f o r  r i c e  grown u n d e r  pudd led  c o n d i t i o n s  ( B o l to n ,  1979)* For  r i c e  
g r o w n  u n d e r  i n u n d a t e d  c o n d i t i o n s  a n u m b e r  o f  f i e l d  s t u d i e s  h a v e  b e e n
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c o nduc te d  to  e s t a b l i s h  t h e  r e l a t i o n s h i p  b e tw e e n  ET and PET and t h e y  c o n f i r m  
a v a l u e  o f  1 .0 f o r  ET -  PET r a t i o ,  a s  w o u l d  be e x p e c t e d  ( T o m a r  & O 'T o o l e ,  
1979). B o l t o n  (1980) p r e s e n t s  e x p e r i m e n t a l  d a t a  f o r  r i c e  i n  two s o i l s  i n  
t h e  c e n t r a l  P h i l i p p i n e s  which  s u g g e s t  a l i n e a r  r e l a t i o n s h i p  b e tw e en  t h e  ET 
-  PET r a t i o  and  s o i l  m o i s t u r e  c o n t e n t  b e t w e e n  s a t u r a t i o n  p o i n t  and  t h e  
p o i n t  o f  which  t r a n s p i r a t i o n  c e a s e s .  I n  h i s  g r o w th  s i m u l a t i o n  model  f o r  
r i c e ,  A n g u s  ( 1 9 7 9 )  a s s u m e d  t h a t  ET -  PET r a t i o  d e c l i n e s  a t  a 
e x p o n e n t i a l l y  d e c r e a s i n g  r a t e  a s  s o i l  m o i s t u r e  c o n t e n t  f a l l s  f r o m  
s a t u r a t i o n  to  t h e  p o i n t  a t  wh ich t r a n s p i r a t i o n  c e a s e s .
There  have  been  a few a t t e m p t s  t o  r e l a t e  ET o r  ET -  PET to  d r y  m a t t e r  
a c c u m u l a t i o n  and  y i e l d  o f  r i c e .  They  a r e  c o n c e r n e d  c h i e f l y  w i t h  t h e  
d e v e l o p m e n t  o f  m a t h e m a t i c a l  m o d e l s  t o  a p p r o x i m a t e  t h e  g r o w t h  p r o c e s s .  
B o l t o n  and Z a n d s t r a  (1981) i n  d e v e l o p i n g  a y i e l d  model  c a l l e d  " P a d i w a t e r "  
f o r  r a i n f e d  r i c e  assume t h a t  d r y  m a t t e r  a c c u m u l a t i o n  c l o s e l y  p a r a l l e l s  t h e  
t r a n s p i r a t i o n  r a t e .  The v a l u e  o f  t h i s  r e l a t i o n s h i p  i s  assumed to  h o ld  even  
f o r  a d r o u g h t  s t r e s s e d  c rop .  They f i r s t  r e l a t e  t h e  ET -  PET r a t i o  to  s o i l  
m o i s t u r e  c o n t e n t  and t h e  f o r m e r  i s  t h e n  employed to  e s t i m a t e  the  d r y  m a t t e r  
a c c u m u l a t i o n .  T h i s  i s  t r a n s l a t e d  i n t o  f i n a l  y i e l d  u s i n g  a h a r v e s t  i n d ex .  
T h e i r  m o d e l  i s  b a s e d  on f i e l d  m e a s u r e m e n t  o f  s o i l  m o i s t u r e  c o n t e n t  a nd  
c l i m a t i c  p a r a m e t e r s  f o r  s i t e s  i n  t h e  P h i l i p p i n e s .  The e s t i m a t e d  p a r a m e t e r s  
a r e  s u b j e c t  t o  t h e  c o n d i t i o n s  t h a t  p r e v a i l e d  i n  t h e  y e a r  t h e  s t u d y  was  
u n d e r t a k e n  and  n o t  s c i e n t i f i c a l l y  d e s i g n e d  t o  p r o v i d e  s e n s i t i v i t y  t o  
v a r i a t i o n  i n  s o i l  m o i s t u r e .  R a t h e r  t h e  model  was f i n e - t u n e d  t o  a p p r o x i m a t e  
t h e  a c t u a l  y i e l d  o b t a i n e d .
I n  B o l t o n  and Z a n d s t r a  (1 981 ) ,  SM was  m e a s u r e d  d a i l y  and  t h e  ET was 
c o m p u t e d  f r o m  t h i s  w i t h  e s t i m a t e s  o f  o t h e r  p a r a m e t e r s .  A s e c o n d  c r o p  
g r o w t h  m o d e l  f o r  r i c e  know n a s  " R ic e m o d "  i s  due  t o  McMennamy ( 1 9 8 0 ) ,  and  
e x te n d e d  by McMennamy and O'Toole (1983) and W h i s l e r  (1983) . B a s i c a l l y ,  i t
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i s  an a t t e m p t  to  d e v e lo p  a s i m p l e  p l a n t  p o p u l a t i o n  model  f o r  r i c e ,  d r i v e n  
by d a i l y  w e a t h e r  p a r a m e t e r s  such  a s  s o l a r  r a d i a t i o n ,  maximum and minimum 
t e m p e r a t u r e s  and  d a y  l e n g t h .  I t  a l s o  e m p l o y s  s e l e c t e d  f u n c t i o n a l  
r e l a t i o n s h i p  f o u n d  i n  r i c e  r e s e a r c h  l i t e r a t u r e .  H o w e v e r ,  R i c e m o d  i s  o f  
l i t t l e  v a l u e  f o r  c r o p - w a t e r  r e s p o n s e  r e s e a r c h  b e c a u s e  o f  i t s  • s i m p l i f y i n g  
a s s u m p t i o n s .  I n  p a r t i c u l a r ,  i t  a s s u m e s  p l e n t i f u l  s u p p l i e s  o f  w a t e r  and 
n u t r i e n t s  t o  t h e  c r o p  and  h e n c e  d o e s  n o t  i n c o r p o r a t e  r e l a t e d  v a r i a b l e s .  
Angus (1979) and Angus and Z a n d s t r a  (1980) i n  t h e i r  c ro p  g r o w t h  s i m u l a t i o n  
m o d e l  f o r  r a i n f e d  r i c e  i n  t h e  c e n t r a l  P h i l i p p i n e s ,  r e l a t e  s o i l  m o i s t u r e  
t h r o u g h  t h e  ET -  PET r a t i o  t o  c r o p  y i e l d .  They  r e g a r d  d r y  m a t t e r  
a c c u m u l a t i o n  as  a m u l t i p l i c a t i v e  r e l a t i o n  o f  i n d i c e s  c o n s t r u c t e d  f o r  s o l a r  
r a d i a t i o n ,  t e m p e r a t u r e ,  s o i l  n i t r o g e n  l e v e l  and s o i l  m o i s t u r e .  The s o i l  
m o i s t u r e  i n d e x  i s ,  i n  f a c t ,  t h e  ET -  PET r a t i o .  The m o d e l  i s  t u n e d  t o  
a p p r o x i m a t e  t h e  s ig m o i d  g ro w th  cu rv e  and t h e  p r e v a l e n t  y i e l d  l e v e l s .  T h i s  
m o d e l  i s  b a s e d  on d a t a  g a t h e r e d  f r o m  p r e v i o u s  f i e l d  e x p e r i m e n t s  a t  t h e  
s i t e ,  r e g u l a r  m e a s u r e m e n ts  o f  m o i s t u r e  l e v e l s  and w e a t h e r  p a r a m e t e r s .  I t  
a p p e a r s  t o  h a v e  s c o p e  f o r  d e v e l o p i n g  c r o p - w a t e r  r e s p o n s e  f u n c t i o n s  f o r  
d i f f e r e n t  s t a g e s  o f  p l a n t  d e ve lopm en t .  The main d i f f i c u l t y  i s  o b v i o u s l y  
t h e  l o c a t i o n - s p e c i f i c  n a t u r e  o f  t h e  model.  E x t e n s i o n  o f  t h i s  a p p ro a c h  to  
ou r  s t u d y  l o c a t i o n ,  f o r  exam ple ,  i s  l i k e l y  to  be r e s o u r c e  as  w e l l  a s  t i m e  
consuming ,  and c e r t a i n l y  beyond t h e  scope  o f  t h i s  s tu d y .
I n  t h e  p r e s e n t  s t u d y ,  a " g r o w t h  -  no g r o w t h "  d i s c r e t e  r e l a t i o n  i s  
a d o p t e d  w i t h  r e s p e c t  t o  n o n - s t r e s s  and  s t r e s s  d a y s  f o r  t h e  c r o p ,  
r e s p e c t i v e l y .  Such a r e l a t i o n s h i p  has  been  ad o p te d  by F l e m in g  (1961) and 
D u d l e y  e t  a l  (1971 a) f o r  C orn  g r o w n  i n  an  i r r i g a t i o n  a r e a  i n  t h e  S t a t e  o f  
New S o u t h  W a le s  i n  A u s t r a l i a .  F l i n n  and  M u s g r a v e  (1 9 6 7 )  h a v e  a d v o c a t e d  
such  a r e l a t i o n  f o r  a r an g e  o f  summer c ro p s  grown i n  a s i m i l a r  e n v i r o n m e n t .  
T h i s  a p p e a r s  t o  be  a r e a s o n a b l e  a s s u m p t i o n  t o  make i n  r e l a t i o n  t o  r i c e  
grown i n  t h e  Dry Zone o f  S r i  Lanka i n  t h e  a b s en c e  o f  s u i t a b l e  e x p e r i m e n t a l
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f i n d i n g s .
5 .2  E s t i m a t i o n  o f  Crop Response  F u n c t i o n s  f o r  W ate r :  A Review
The p r i n c i p l e s  o f  s o i l - w a t e r - p l a n t  r e l a t i o n s  h i g h l i g h t  t h e  i m p o r t a n c e  
o f  s p r e a d i n g  t h e  i r r i g a t i o n s  t h r o u g h o u t  t h e  l i f e s p a n  o f  t h e  c r o p .  The 
c u m u l a t i v e  c rop  g r o w th  i s  d e p e n d e n t  on t h i s  d i s t r i b u t i o n  as  w e l l  a s  on t h e  
t o t a l  a m o u n t  a p p l i e d  t h r o u g h o u t  t h e  s e a s o n .  I r r i g a t i o n  s p e c i a l i s t s  have 
u s e d  t h i s  i n s i g h t  t o  d e v e l o p  m a t h e m a t i c a l  m o d e l s  f o r  t h e  p u r p o s e  o f  
g e n e r a t i n g  i r r i g a t i o n  p rog ra m s  i n  t e r m s  o f  d a t e s  and d e p t h s  o f  i r r i g a t i o n  
t h a t  s a t i s f y  maximum e v a p o t r a n s p i r a t i o n  r e q u i r e m e n t s .  Two o f  t h e  w e l l  
known m o d e l s  a r e  due  t o  J e n s e n  e t  a l  (1971 ) and S t e w a r t  and  Hagan  (1 9T3)• 
B u t ,  t h e y  a r e  o f  l i m i t e d  v a l u e  i n  t h e  d e v e l o p m e n t  o f  c r o p  r e s p o n s e  
f u n c t i o n s  i n c o r p o r a t i n g  t h e  t w i n  a s p e c t s  o f  t i m e  and q u a n t i t y  o f  w a t e r .  I n  
t h i s  r e s p e c t ,  t h e  c o n t r i b u t i o n s  by Moore (1961)  and Yaron (1971) c o n s t i t u t e  
i m p o r t a n t  l a n d m a r k s .  Moore was  t h e  f i r s t  t o  i n c o r p o r a t e  e x p l i c i t l y  t h e  
o p t i m a l  i n t r a s e a s o n a l  d i s t r i b u t i o n  o f  a g i v e n  t o t a l  i r r i g a t i o n  volume i n  
t h e  f o r m a l  a n a l y s i s  o f  a c r o p  r e s p o n s e  f u n c t i o n .  B a se d  on t h e  n a t u r e  o f  
d i s t r i b u t i o n  o f  w a t e r ,  Y a r o n  d i s t i n g u i s h e d  two  f o r m s  o f  c r o p  p r o d u c t i o n  
f u n c t i o n s ,  v i z :
( i )  f u n c t i o n s  w i t h  f i x e d  i n t r a s e a s o n a l  d i s t r i b u t i o n ;  and
( i i )  f u n c t i o n s  w i t h  f l e x i b l e  d i s t r i b u t i o n  o r ,  a l t e r n a t i v e l y ,  
d a t e d  w a t e r  p r o d u c t i o n  f u n c t i o n s .
Both Yaron and Moore em pha s ize d  t h e  need to  d i v i d e  t h e  g r ow ing  s e a s o n  
i n t o  many s t a g e s  i n  o r d e r  to  d e v e lo p  m e a n i n g f u l  c ro p  r e s p o n s e  f u n c t i o n s .  
H o w e v e r ,  Y a r o n  h i g h l i g h t e d  t h e  e m p i r i c a l  d i f f i c u l t y  o f  d e s i g n i n g  and 
s t a t i s t i c a l l y  e s t i m a t i n g  d a t e d  p r o d u c t i o n  f u n c t i o n s .  I n  v i e w  o f  t h e  
d i f f i c u l t i e s ,  he  s u g g e s t e d  t h e  f e a s i b i l i t y  o f  u s i n g  g r o w t h  r u l e s  i n  a 
dynamic  p rogram m ing  f ra m ew o rk  i n  t h e  s y n t h e s i s  o f  such  f u n c t i o n s .  Dynamic 
p rogram ming  a p p r o a c h e s  have p l a y e d  a p r e d o m i n a n t  r o l e  i n  t h e  s e v e n t i e s  i n
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t h e  d e t e r m i n a t i o n  o f  o p t i m a l  a l l o c a t i o n  o f  l i m i t e d  w a t e r  r e s o u r c e s .  Yet ,  
t h e r e  a r e  a l s o  n u m e r o u s  s t u d i e s  t h a t  e m p l o y  f i x e d  i n t r a s e a s o n a 1 
d i s t r i b u t i o n  o f  w a t e r  i n  a c o n v e n t i o n a l  p r o d u c t i o n  f u n c t i o n  f r a m e w o r k .  
These  a r e  r ev i e w e d  by F l i n n  (1968).  Most  such  s t u d i e s  w i t h  r e s p e c t  t o  r i c e  
h a v e  b e e n  r e p o r t e d  s i n c e  t h e  s e v e n t i e s  and an  o u t l i n e  o f  t h i s  g r o u p  o f  
s t u d i e s  i s  p r e s e n t e d  n e x t .
5 . 2 . 1  F u n c t i o n s  w i t h  f i x e d  i n t r a s e a s o n a l  d i s t r i b u t i o n  o f  w a t e r
P r o d u c t i o n  f u n c t i o n s  w i t h  f i x e d  i n t r a s e a s o n a l  d i s t r i b u t i o n  a r e  a n  
i mpr ove me n t  o v e r  e a r l i e r  s t u d i e s  whi ch  do n o t  t a k e  i n t o  a c c o u n t  t h e  a s p e c t  
o f  i n t r a s e a s o n a l  d i s t r i b u t i o n  a t  a l l .  A r e v i e w  o f  t h e  l a t t e r  g r o u p s  o f  
s t u d i e s  i s  f o u n d  i n  F l i n n  ( 1 9 6 8 ) .  The y  a r e  a m e n a b l e  f o r  e s t i m a t i o n  by 
r e g r e s s i o n  t e c h n i q u e s .  Major  d i f f i c u l t i e s  i n  t h e  e m p i r i c a l  e s t i m a t i o n  o f  
s u c h  f u n c t i o n s  a r i s e  i n  t wo  a s p e c t s ,  n a m e l y ,  t h e  s p e c i f i c a t i o n  and t h e  
c h o i c e  o f  i n d e p e n d e n t  v a r i a b l e s .
I n  t a c k l i n g  t h e s e  h u r d l e s ,  t h e r e  have e vo l ve d  two a p p r o a c h e s ,  v i z :
( i )  I n c o r p o r a t i n g  j u s t  t h e  f u n d a m e n t a l  i r r i g a t i o n  
v a r i a b l e s ;  and
( i i )  I n c o r p o r a t i n g  i n t e g r a t e d  s o i l  m o i s t u r e  s t r e s s  
i n d i c e s / v a l u e s .
The f i r s t  c l a s s  o f  f u n c t i o n s  t o o k  a n  a p p r o a c h  w h e r e  t h e  f i n a l  c r o p  
y i e l d  was  r e l a t e d  t o  w a t e r  p e r  s e  o r  i r r i g a t i o n  v a r i a b l e s .  Among t h e  
v a r i a b l e s  were  t o t a l  q u a n t i t y  o f  w a t e r ,  and f r e q u e n c y  o f  a p p l i c a t i o n  and 
o c c a s i o n a l l y  d e p t h  o f  i r r i g a t i o n .  S t u d i e s  by P u t t e r  e t  a l  (1966) ,  Hogg and 
V i e t h  ( 1 9 7 7 )  and Hexern and Heady  ( 1 9 7 8 )  e x e m p l i f y  t h i s  a p p r o a c h .  Mos t  
e f f o r t  h a s  b e e n  c o n f i n e d  t o  t h e  a n a l y s i s  o f  e x p e r i m e n t a l  d a t a .  T h i s  
a pp r o a c h  ha s  l i m i t e d  v a l u e  i n  o p t i m a l  i n t r a s e a s o n a l  a l l o c a t i o n  o f  l i m i t e d
s u p p l i e s  o f  wa t e r .  Al so ,  i t  i s  u n s a t i s f a c t o r y  f o r  s t u d y i n g  t h e  c r o p - w a t e r
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r e s p o n s e .
5 . 2 . 2  F u n c t i o n s  o f  r i c e  w i t h  i n t e g r a t e d  s o i l  m o i s t u r e  s t r e s s
We no ted  above t h a t  m o i s t u r e  t e n s i o n  r a t h e r  t h a n  s o i l  m o i s t u r e  c o n t e n t  
i s  t h e  d e t e r m i n a n t  o f  a v a i l a b i l i t y  o f  m o i s t u r e  t o  p l a n t s .  We a l s o  n o t e d  
t h a t  when t h e  SM t e n s i o n  r i s e s  a b o v e  a c e r t a i n  l e v e l  due  t o  f a l l i n g  SM 
l e v e l ,  t h e  p l a n t  i s  u n a b l e  t o  e x t r a c t  w a t e r  and  b e c o m e s  s t r e s s e d .  T h e r e  
have  been f o u r  d i s t i n c t  a p p r o a c h e s  to  u s i n g  s o i l  m o i s t u r e  t e n s i o n  (SMT) i n  
e x p l a i n i n g  p h y s i c a l  y i e l d  v a r i a t i o n .  They a r e :
( i )  O b t a i n i n g  i n t e g r a t e d  m o i s t u r e  s t r e s s  ( IMS) v a l u e s .  T h i s  i s  
o b t a i n e d  by i n t e g r a t i n g  a l l  t h e  d a i l y  SMT v a l u e s  o v e r  t h e  
r e l e v a n t  r o o t  z one  o v e r  t h e  g r o w i n g  s e a s o n .  T a y l o r  (19 5 2 )  
r e l a t e d  p h y s i c a l  y i e l d  t o  a v e r a g e  m o i s t u r e  s t r e s s  (AMS), i . e .  
t h e  IMS d i v i d e d  by t h e  c ro p p i n g  d u r a t i o n ,  and o b s e rv e d  t h a t  a s  
t h e  AMS r o s e  t h e  y i e l d  d e c r e a s e d  l i n e a r l y .
( i i )  M a k in g  u s e  o f  ET v a l u e s  w h i c h  a r e ,  i n  f a c t ,  a f u n c t i o n  o f  SMT, 
S t e w a r t  and Hagan (1969) s p e c i f i e d  t h e  i n d e p e n d e n t  v a r i a b l e  i n  
t e r m s  o f  s e a s o n a l  ET o r  i n  t e r m s  o f  t h e  ET o v e r  t h e  g r o w i n g  
s e a s o n  and t h e  ET c o r r e s p o n d i n g  to  t h e  maximum y i e l d ,  i . e .  ETm.
( i i i )  S p e c i f y i n g  and  i n c o r p o r a t i n g  t h e  n u m b e r  o f  d r o u g h t  d a y s  o r  
s t r e s s  d a y s .  T h i s  a p p r o a c h  i s  s t i l l  b e i n g  a d o p t e d  i n  a n u m b e r  
o f  s t u d i e s  when th e  r e l e v a n t  d a t a  a r e  a v a i l a b l e .
( i v )  I n c o r p o r a t i o n  o f  d r o u g h t  days  o r  s t r e s s  days based  on m o i s t u r e  
d e f i c i e n c y  c o n c e p t s  d e v e l o p e d  o r i g i n a l l y  by c l i m a t o l o g i s t s .  
M e t h o d s  d i f f e r  i n  t h e  d e f i n i t i o n  o f  t h e  m o i s t u r e  l e v e l  t h a t  
c o n s t i t u t e s  a d r o u g h t  o r  s t r e s s  day.
The t h i r d  g roup  o f  m o i s t u r e  d e f i c i e n c y  i n d i c e s  has  been used  by many 
e c o n o m i s t s  to  e x p l a i n  c ro p  y i e l d  v a r i a t i o n .  F l i n n  (1968) , i n  an e x c e l l e n t  
r e v i e w  o f  s t u d i e s  u n t i l  t h e  l a t e  s i x t i e s ,  p o i n t e d  o u t  t h a t  t h e  m a j o r
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l i m i t a t i o n  o f  t h e s e  s t u d i e s  i s  t h e i r  i n a b i l i t y  t o  t a k e  i n t o  a c c o u n t  t h e  
e f f e c t  o f  t i m e  o f  i n c i d e n c e  o f  m o i s t u r e  s t r e s s  d u r i n g  t he  g r owi ng  p e r i o d  o f  
a c r o p .  T h e r e  h a v e  b e e n  a f ew s i g n i f i c a n t  a t t e m p t s  t o  r e c t i f y  t h i s  
d e f i c i e n c y  s i n c e  t h e  s e v e n t i e s ,  e s p e c i a l l y  by r e s e a r c h e r s  i n  t h e  
I n t e r n a t i o n a l  Ri c e  R e s e a r c h  I n s t i t u t e  ( iRRl )  i n  r e l a t i o n  to  l owl and  r i c e  i n  
t h e  P h i l i p p i n e s .  Wickam (1971 ) i n i t i a t e d  t h e  d e v e l o p m e n t ,  b a s e d  on t h e  
work f o r  c o r n  by Dale  and Shaw (1965) ,  o f  a s t r e s s  day c o n c e p t  f o r  l o w l an d  
r i c e .  The c o n c e p t  i n c l u d e s  t h e  t o t a l  d u r a t i o n  o f  w a t e r  s t r e s s ,  i t s  
i n t e n s i t y  d u r i n g  each s t r e s s  p e r i o d  and t h e  e f f e c t s  o f  d i f f e r e n t  s t a g e s  o f  
t h e  c r o p  on t he  s u s c e p t i b i l i t y  t o  s t r e s s .  I n  o r d e r  t o  i n c o r p o r a t e  g r o w t h  
s t a g e  e f f e c t  o n l y  t wo  s t a g e s ,  n a m e l y  t h e  e a r l y  v e g e t a t i v e  and t h e  l a t e r  
r e p r o d u c t i v e  p h a s e s ,  w e r e  i n c l u d e d .  S o i l  h a r d n e s s  r a t h e r  t h a n  s o i l  
m o i s t u r e  t e n s i o n  was used  as  a s u r r o g a t e  f o r  i n t e n s i t y  o f  s t r e s s .  On t h e  
o t h e r  h a n d ,  t h e  d u r a t i o n  o f  s t r e s s  was  b a s e d  on t h e  a s s u m p t i o n  t h a t  t h e  
s t r e s s  p e r i o d  b e g a n  on t h e  f o u r t h  c o n s e c u t i v e  da y  d u r i n g  w h i c h  t h e  r i c e  
f i e l d s  have been d r a i n e d  o f  any s t a n d i n g  w a t e r .  The r e s u l t s  were  n o t  v e r y  
e n c o u r a g i n g  and w e r e  i n c o n s i s t e n t  w i t h  a. p r i o r i  e x p e c t a t i o n s  when  t h e  
s t r e s s  v a r i a b l e s  f o r  b o t h  p h a s e s  o f  c r o p  w e r e  s p e c i f i e d  t o g e t h e r  i n  t h e  
same r e g r e s s i o n  e q u a t i o n .  F i n a l l y ,  t he  model  s ough t  to i n c o r p o r a t e  o n l y  
t h e  d u r a t i o n  o f  w a t e r  s h o r t a g e  and s u f f e r e d  f r o m  t h e  same  s e t  o f  
l i m i t a t i o n s  o f  e a r l i e r  s t u d i e s .  T h i s  d e m o n s t r a t e s  t h e  d i f f i c u l t y  o f
i n c o r p o r a t i n g  t h e  s t a g e  o f  i n c i d e n c e  o f  w a t e r  s t r e s s  i n  t h i s  f r a mewor k ,  i n  
p a r t i c u l a r ,  i t s  l i m i t e d  u s e f u l n e s s  f r o m  t h e  p o i n t  o f  v i e w  o f  o p t i m a l  
i n t r a s e a s o n a l  a l l o c a t i o n  o f  wa t e r .
D e s p i t e  t h e  l i m i t a t i o n ,  t h e  c o n c e p t  h a s  b e e n  u s e d  s u b s e q u e n t l y  i n  
s e v e r a l  f a r m  l e v e l  s t u d i e s  i n v o l v i n g  s t a t i s t i c a l  p r o d u c t i o n  f u n c t i o n s .  
No t a b l e  among them a r e  t h o s e  f o r  l owl a n d  r i c e  by Ta bba l  and Wickam (1978) ,  
R o s e g r a n t  ( 1 978 )  and  Mandac  and  H e r d t  (1979)* A l l  t h e s e  s t u d i e s  s h a r e  a 
common p u r p o s e  i n  t h a t  t h e y  a l l  e m p l o y  t h e  a g g r e g a t e  s t r e s s  c o n c e p t  a s  a
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v a r i a b l e  t o  e x p l a i n  t h e  v a r i a b i l i t y  o f  r i c e  y i e l d  i n  f i e l d  c o n d i t i o n s .  
F u r t h e r ,  t h e  o r i g i n a l  d e f i n i t i o n  o f  t h e  s t r e s s  v a r i a b l e  does  n o t  p e r m i t  t h e  
e s t a b l i s h m e n t  o f  a m e a n i n g f u l  l i n k  b e tw e e n  s t r e s s  and w a t e r  a p p l i c a t i o n .
S m a l l  e t  a l  (1981 ) r e a l i z e d  t h i s  d e f i c i e n c y  and  d e v e l o p e d  a w a t e r  
s h o r t a g e  i n d e x  (WSl), wh ich  i s  an im provem en t  o v e r  t h e  s t r e s s  day co n c ep t .  
The WSI i s  s i m i l a r  i n  c o n s t r u c t i o n  t o  t h e  IMS i n d e x  o f  T a y l o r  ( 1 9 5 2 ) .  I t  
i s  c o m p u t e d  by s u m m in g  up d a i l y  w a t e r  s h o r t a g e  f a c t o r s  f r o m  t h e  day  t h e  
c rop  i s  t r a n s p l a n t e d  u n t i l  20 days  b e f o r e  h a r v e s t i n g .  D a i l y  w a t e r  s h o r t a g e  
f a c t o r s  r e f l e c t  t h e  e n v i r o n m e n t a l  d e m a n d s  on t h e  c r o p  and  t h e  m o i s t u r e -  
a v a i l a b i l i t y  i n  t h e  s o i l  m e a s u r e d  by t h e  d e p t h  b e l o w  t h e  s o i l  s u r f a c e  t o  
t h e  f r e e  s t a n d i n g  w a t e r  a s s o c i a t e d  w i t h  t h e  p e rc h e d  w a t e r  t a b l e .  F u r t h e r ,  
i n  an  e f f o r t  t o  r e l a t e  w a t e r  a p p l i c a t i o n  and m o i s t u r e  s t r e s s ,  S m a l l  and 
Chen (1 9 8 4 )  h a v e  a l s o  a t t e m p t e d  t o  e s t a b l i s h  a f u n c t i o n a l  r e l a t i o n s h i p  
b e tw e en  w eek ly  w a t e r  s u p p ly  b o t h  i n  t e r m s  o f  r a i n f a l l  and i r r i g a t i o n  to  an 
a r e a  and  t h e  c o r r e s p o n d i n g  d e g r e e  o f  m o i s t u r e  s t r e s s .  H o w e v e r ,  t h e i r  
e m p i r i c a l  r e s u l t s  f a i l e d  to  e s t a b l i s h  any s i g n i f i c a n t  r e l a t i o n s h i p  b e tw een  
s e a s o n a l  WSI and c rop  y i e l d .  I t  mus t  be no ted  t h a t  t h e  b a s i c  d e f i c i e n c y ,  
namely  t h e  i n a b i l i t y  to  d i s c e r n  t h e  e f f e c t  o f  w a t e r  s h o r t a g e  a t  d i f f e r e n t  
s t a g e s ,  s t i l l  r e m a i n s .  G i v e n  t h i s  l i m i t a t i o n ,  i t  i s  n o t  s u r p r i s i n g  t h a t  
t h e  s t u d y  c o n c lu d e s  t h a t  t h e  p r o d u c t i o n  i n  t h e  a r e a  w i l l  be m ax imized  when 
t h e  w e e k l y  t o t a l  s u p p l y  o f  w a t e r  p e r  h e c t a r e  i s  e q u a l  t h r o u g h o u t  t h e  
c ro p p i n g  s e as o n .  No s i m i l a r  s t u d i e s  have been  u n d e r t a k e n  f o r  r i c e  grown 
u n d e r  unpuddled  c o n d i t i o n s .
The m a j o r  s h o r t c o m i n g  o f  t h i s  a pp roa c h  i s  t h a t  i t  c a n n o t  c a p t u r e  t h e  
dynam ics  o f  p l a n t  r e s p o n s e  to  t h e  t im e  p a t h  o f  t h e  a v a i l a b l e  s o i l  m o i s t u r e  
l e v e l s  d u r i n g  t h e  g r o w i n g  s e a s o n .  T h i s  i s  i n d i s p e n s i b l e  f o r  o p t i m a l  
i n t r a s e a s o n a l  a l l o c a t i o n  o f  l i m i t e d  s u p p l i e s  o f  w a t e r .  Such an a l l o c a t i o n  
can be a c c o m p l i s h e d  o n ly  w i t h  d a t e d  p r o d u c t i o n  f u n c t i o n s .
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5.2.3 Dated crop water production functions
Despite the amount of interest in dated water production functions, 
very little empirical data exist for their estimation. Apparently, there 
are three main reasons:
(i) the large number of input combinations that needs to be included 
in an experimental design because of the large number of growth 
stages or sub periods and moisture levels in each stage;
(ii) the difficulty of controlling and administering with precision 
the moisture levels in the field in the face of varying weather 
and rainfall; and
(iii) the difficulty of estimation of such dated production functions 
with techniques based on regression analysis.
Not surprisingly, in view of these problems, there is a dearth of estimated 
dated water production functions. Minhas et al (1974) reported a dated 
water production function for wheat in India.
The growing period was divided into nine cycles of sufficiently short 
period, but the moisture variable corresponding to many stages drop out of 
the final equation as statistically insignificant. Such a result is not 
surprising and demonstrates the difficulty in accommodating moisture 
variables associated with all the stages in a single regression equation. 
In view of these difficulties, there have been attempts to synthesize by 
computer simulation dated production functions of summer crops, taking into 
account the whole complex of crop irrigation system. Notable examples are 
Flinn and Musgrave (1967), Dudley et al (1971 a; 1971b) and Yaron et al 
(1 973)* In this study, an approach similar to those adopted in the first 
two studies is taken to synthesize crop response functions for rice.
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5.3 Crop Irrigation Simulation System
The need to synthesize a crop response function has arisen because of:
(i) the need to recognize the moisture deficiency variable on a 
continuous basis throughout the season;
(ii) the need to examine and take into account responses in all 
irrigation cycles as against total irrigation; and
(iii) the lack of empirical data on the one hand and the statistical 
difficulties on the other for the estimation of functions with 
the above features.
The synthesis of a crop response function in this study involves, as 
will be seen, a simulation model and a dynamic programming model. Usually, 
synthesized functions are based on computer simulation models of plant 
growth. For reasons already made clear, the earlier work on simulation 
models of rice developed in the International Rice Research Institute are 
unsatisfactory for the purposes of this study. Most of the models 
described have limited scope for generation of crop response functions for 
irrigation water. Their original purpose was largely to characterize the 
growth and development of lowland rice. Other approaches such as, the one 
due to Angus (1979) cannot be considered at present due to paucity of 
empirical and field level data in the study area. Consequently, a suitable 
model has to be developed. Fortunately, a satisfactory simulation model 
could be adapted for rice grown in the village irrigation system under 
consideration from models already developed for other summer crops in the 
Australian context. The approach is due to Fleming (1964); and especially, 
Flinn and Musgrave (1967) and Flinn (1968) who engaged it to simulate the 
irrigation and yield of many summer crops.
The Fleming-Flinn-Musgrave crop irrigation simulation model
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i n c o r p o r a t e s  p h y s i c a l  a s  w e l l  a s  b i o l o g i c a l  e l e m e n t s .  I n  t h i s  r e s p e c t ,  i t  
c o n s t i t u t e s  a d e f i n i t e  im provem en t  o v e r  model s  based  p u r e l y  on p h y s i c a l  
c r i t e r i a  a l o n e  such  as  t h e  c ro p  r e s p o n s e  f u n c t i o n  p roposed  by Moore (1961).  
Moore 's  p ropose d  f u n c t i o n  i s  based  on a s o i l  m o i s t u r e  r e l e a s e  c u r v e  which  
i s  s p e c i f i c  f o r  a p a r t i c u l a r  c o m b i n a t i o n  o f  s o i l  and w e a t h e r  c o n d i t i o n s .
5-3-1 F l e m i n g - F l i n n - M u s g r a v e  s i m u l a t i o n  model  and c r i t e r i a
The F l e m i n g - F l i n n - M u s g r a v e  s i m u l a t i o n  model  encom passes  t h e  whole  s o i l  
m o i s t u r e - c r o p - a t m o s p h e r e  c o m p l e x .  I n  i t s  c o n s t r u c t i o n ,  tw o  i m p o r t a n t  
a s p e c t s  a r e  d i s c e r n e d .  The d e t e r m i n a n t s  o f  t h e  a t m o s p h e r i c  de m a nd  f o r  
w a t e r  on t h e  c r o p  a r e  d i s t i n g u i s h e d  f r o m  t h e  f a c t o r s  t h a t  i n f l u e n c e  t h e  
a b i l i t y  o f  t h e  s o i l  m o i s t u r e  t o  m e e t  t h a t  d e m a nd .  The c r o p  g r o w t h  i s  
q u a n t i f i e d  i n  r e l a t i o n  t o  b o t h  s o i l  m o i s t u r e  and e x o g e n o u s  a t m o s p h e r i c  
c o n d i t i o n s .  The s o i l  m o i s t u r e  l e v e l  i s  i n f l u e n c e d  by i n c i d e n t  r a i n f a l l  
which,  o f  c o u r s e ,  c a n n o t  be c o n t r o l l e d .  N e v e r t h e l e s s ,  s o i l  m o i s t u r e  l e v e l  
can be c o n s c i o u s l y  augmented  by t h e  a p p l i c a t i o n  o f  an i r r i g a t i o n .
The a t m o s p h e r i c  demand on t h e  c ro p  i s  a p p r o x i m a t e d  by t h e  p o t e n t i a l  
e v a p o t r a n s p i r a t i o n  (PET).  F o r  t h e  e m p i r i c a l  e s t i m a t i o n  o f  PET on a 
p a r t i c u l a r  day,  F l i n n  (1967)  u t i l i z e d  t h e  r e l a t i o n s h i p  f i r s t  a d v o c a t e d  by 
Penman (1948) ,  v i z .
PET = f  . EO
w h e r e  'EO' i s  t h e  e v a p o r a t i o n  r a t e  f r o m  a f r e e  w a t e r  s u r f a c e ;  a nd  ' f '  
i s  t h e  c rop  f a c t o r .
A l though  t h e  c ro p  f a c t o r  v a r i e s  among s p e c i e s  o f  c r o p s ,  i t s  v a r i a t i o n  
f r o m  s t a g e  t o  s t a g e  o f  a p a r t i c u l a r  c r o p  a p p e a r s  t o  be m o s t  s i g n i f i c a n t .  
I t  h a s  b e e n  p o s t u l a t e d  t h a t  ' f ' r i s e s  f ro m  t h e  b e g i n n i n g  o f  t h e  c r o p  
g ro w th ,  r e a c h e s  t h e  maximum i n  t h e  r a p i d  g ro w th  phase  and t h e n  d e c l i n e s  as  
t h e  c r o p  m a t u r e s .  E x p e r i m e n t a l  e v i d e n c e  on t h e  r a n g e  o f  ' f ' v a l u e s  f o r
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summer c r o p s ,  e x c l u d i n g  r i c e ,  a r e  p r o v id e d  by F l i n n  (1968; p.79). The s e t  
o f  v a l u e s  f o r  t h e  t r a d i t i o n a l  and improved  v a r i e t i e s  o f  r i c e  c o n s i d e r e d  i n  
t h i s  s t u d y  w e r e  d e t e r m i n e d  w i t h i n  t h e  r a n g e  p r o v i d e d  by F l i n n  f o r  o t h e r  
c r o p s .  They  a r e  c o n s i d e r e d  a s  r e a s o n a b l e  a p p r o x i m a t i o n s  f o r  r i c e  g r o w n  
u n d e r  unpudd led  c o n d i t i o n s .  The v a l u e s  were f i n e - t u n e d  w i t h i n  t h e  model  by 
r u n n i n g  t h e  m o d e l  t o  s i m u l a t e  t h e  a c t u a l  y i e l d  l e v e l s  o b s e r v e d  u n d e r  
r a i n f e d  c o n d i t i o n s  i n  t h e  D i s t r i c t .  The f i n a l  v a l u e s  a r e  b u i l t  i n t o  t h e  
c o m p u te r  p rogram  o f  t h e  s i m u l a t i o n  model  which  i s  g i v e n  i n  Appendix.  As 
f o r  e v a p o r a t i o n  r a t e s ,  d a i l y  e v a p o r a t i o n  r e c o r d e d  by S t a n d a r d  Tank  
E v a p o r i m e t e r  a r e  used .  The s e t  o f  d a t a  used  i n  t h i s  r e s p e c t  a r e  p r o v id e d  
i n  A p p e n d ix .
Whi le  PET r a t e s  d e f i n e  t h e  demand t h e  a t m o s p h e r i c  c o n d i t i o n s  p l a c e  on 
t h e  a e r i a l  p a r t s  o f  t h e  c r o p ,  t h e  v o l u m e  o f  s o i l  b e i n g  e x p l o r e d  by t h e  
r o o t s  d e t e r m i n e s  t h e  t o t a l  q u a n t i t y  o f  w a t e r  t h e  c r o p  c a n  command.  The 
r a t e  a t  which t h e  w a t e r  i s  removed from th e  s o i l  f o r  t r a n s p i r a t i o n  i s ,  o f  
c o u r s e ,  d e t e r m i n e d  by t h e  s o i l  m o i s t u r e  c o n t e n t .  Based on h i s  e x p e r i m e n t s ,  
C l o s s  (1 9 5 8 )  ( a s  r e p o r t e d  by F l i n n ,  1968)  c o n c l u d e d ,  t h a t  a t  e a c h  s o i l  
m o i s t u r e  c o n t e n t  t h e r e  i s  f o r  a n y  s o i l - p l a n t  c o m p l e x  a maximum r a t e  a t  
wh ich  w a t e r  can move from th e  s o i l  mass i n t o  t h e  p l a n t ,  t h e r e b y  p l a c i n g  an 
u p p e r  l i m i t  on a c t u a l  c rop  e v a p o t r a n s p i r a t i o n  (ET). Th is  maximum r a t e  i s  
r e f e r r e d  to  a s  t h e  maximum i n t a k e  r a t e ,  Em* When s o i l s  a r e  s u f f i c i e n t l y  
m o i s t ,  t h e  ET r a t e  i s  n o t  l i m i t e d  by Em and c o n t i n u e s  a t  PET, b e i n g  
dep e n d en t  on m e t e o r o l o g i c a l  c o n d i t i o n s  a lo n e .  On t h e  o t h e r  hand,  a t  l o w e r  
l e v e l s  o f  s o i l  m o i s t u r e  t h e  ET r a t e  i s  c o n s t r a i n e d  by Em and i n d e p e n d e n t  o f  
PET. The v a r i o u s  r e l a t i o n s h i p s  have  been  quo ted  a l r e a d y  i n  e q u a t i o n s  (5*1) 
and  (5*2) .  I t  may be r e c a l l e d  t h a t :
ET = PET i f  PET < Em; 
and ET = Em i f  PET > Em.
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A l s o ,  i n t r o d u c i n g  t h e  s o i l  f a c t o r ,  a ,  w h i c h  i s  due  t o  F l e m i n g  ( 1 9 6 4 )  
we have
ET = g  . PET , (0 < G < 1 )
The r e l a t i v e  t r a n s p i r a t i o n  r a t e ,  ET/PET, has  been  p l o t t e d  a g a i n s t  s o i l  
m o i s t u r e  l e v e l s  i n  many e x p e r i m e n t s ,  as  i n  f o r  example ,  West  and Perkman 
(1 9 5 3 )  and  Denmead  and  Shaw ( 1 9 6 2 ) .  M a k in g  u s e  o f  s u c h  p l o t s ,  i t  i s  
p o s s i b l e  to  d e r i v e  l o c a l  v a l u e s  o f  g f o r  d i f f e r e n t  l e v e l s  o f  a t m o s p h e r i c  
demand and s o i l  m o i s t u r e .  However ,  s u i t a b l e  r e s u l t s  a r e  n o t  a v a i l a b l e  i n  
r e l a t i o n  t o  r i c e  g r o w n  u n d e r  u n p u d d l e d  c o n d i t i o n s .  C o n s e q u e n t l y ,  
G v a l u e s  p r o v i d e d  by F l e m i n g  ( 1 9 6 4 )  f o r  a h i g h  e v a p o r a t i v e  r e g i o n  i n  
A u s t r a l i a  a r e  u s e d  a s  an  a p p r o x i m a t i o n .  T h e s e  v a l u e s  a r e  r e p r o d u c e d  i n  
T a b l e  5*1 •
I t  r e m a in s  t o  l i n k  th e  ET t o  g r o w th  o r  d ry  m a t t e r  a c c u m u l a t i o n  o f  t h e  
c rop.  A f t e r  an e x t e n s i v e  r e v i e w  and a c r i t i c a l  e v a l u a t i o n  o f  many s t u d i e s  
i n  t h e  s i x t i e s ,  i n c l u d i n g  t h a t  o f  Denmead  and  Shaw (1 962)  and  A r k l e y  and  
U l t r i c h  (1962) ,  F l i n n  (1968) c o nc lude d  t h a t  whenever  s f e l l  be low  a v a l u e  
o f  1 .0 ,  o r  w h e n e v e r  ET < PET, t h e  p l a n t  i s  s t r e s s e d  and  t h a t  i t  i s  a 
r e a s o n a b l e  a p p r o x i m a t i o n  t o  s a y  t h a t  t h e  p l a n t  d o e s  n o t  g r o w .  T h i s  i s  
r e g a r d e d  a s  e s p e c i a l l y  v a l i d  u n d e r  f i e l d  c o n d i t i o n s  o f  h i g h  p o t e n t i a l  
e v a p o t r a n s p i r a t i o n  (PET) r a t e s .  When s o i l  m o i s t u r e  i s  s u f f i c i e n t  t o  a l l o w  
ET to  c o n t i n u e  a t  t h e  r a t e  o f  PET t h e n  t h e  p l a n t  grows  a t  t h e  maximum r a t e  
c o n d i t i o n e d  by o t h e r  i n p u t s .  R e l a t i n g  days  o f  a c t u a l  g r o w th  to  t h e  number 
o f  days  i n  a g i v e n  t i m e  p e r i o d  g i v e s  an in d ex  o f  p l a n t  g row th .  T h i s  can  be 
u s e d  a s  a b a s i s  f o r  s i m u l a t i n g  c u m u l a t i v e  g r o w t h  o f  a c r o p .  S uc h  an  
a pp roa c h  i s  a d o p te d  i n  t h i s  s tu d y .
5 .3 *2  S t a g e s ,  c u m u l a t i v e  growth  and y i e l d  o f  r i c e
O ve r  t h e  p e r i o d  o f  i t s  g r o w t h  and d e v e l o p m e n t ,  r i c e  p a s s e s  t h r o u g h  
t h r e e  d i s t i n c t  p h a s e s ,  namely  t h e  v e g e t a t i v e  pha se ,  t h e  r e p r o d u c t i v e  phase
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TABLE 5.1
SOIL FACTOR (a) VALUES FOR A RANGE OF 
SOIL MOISTURE LEVELS AND ATMOSPHERIC DEMAND
Soil Moisture 
levels in 
percentage
Range of Evaporation rate from free water
Surface 
in mm per day
0-3.0 3.1-4.0 4.1-6.0 > 6.1
100-75 1 .0 1 .0 1 .0 1 .0
74-50 1 .0 1 .0 0.8 0.6
49-25 1 .0 0.7 0.5 0.35
24-0 0.5 0.3 0.25 0.15
Source: Fleming (1964).
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and th e  g r a i n  r i p e n i n g  phase .  Each phase  has  a number o f  i m p o r t a n t  s t a g e s  
o r  c y c l e s  a s  e l a b o r a t e d  i n  IRRI ( 1 9 7 0 ;  p p . 1 7 - 2 5 ) .  Each  s t a g e  p l a y s  a 
s i g n i f i c a n t  r o l e  i n  t h e  c r o p ' s  d e v e l o p m e n t  a n d  t h e r e b y  m a k e s  a 
c o n t r i b u t i o n  t o w a r d s  t h e  f i n a l  g r a i n  y i e l d .  Moreove r ,  t h e  v a r i o u s  s t a g e s  
a r e  i n t e r d e p e n d e n t .  I t  a p p e a r s  t h a t  m o i s t u r e  s t r e s s e s  d u r i n g  d i f f e r e n t  
s t a g e s  o f  t h e  c r o p  h a v e  q u i t e  d i f f e r e n t  e f f e c t s  i n  t h e  f i n a l  g r a i n  y i e l d .  
D a t t a  e t  a l  ( 1 973 ) r e p o r t e d  t h e  e f f e c t  o f  m o i s t u r e  s t r e s s  i m p o s e d  d u r i n g  
d i f f e r e n t  s t a g e s  o f  g r o w t h  on t h e  h a r v e s t e d  y i e l d  o f  l o w l a n d  r i c e  u n d e r  
e x p e r i m e n t a l  c o n d i t i o n s  i n  t h e  P h i l i p p i n e s .  T h e i r  r e s u l t s  a r e  r e p r o d u c e d  
i n  T a b le  5.2. An e x a m i n a t i o n  o f  t h e  t a b l e  r e v e a l s  t h a t  t h e  r e l a t i v e  y i e l d  
r e d u c t i o n s  o w i n g  t o  m o i s t u r e  s t r e s s  a r e  d i f f e r e n t  f r o m  one  s t a g e  t o  
a n o t h e r .  U n f o r t u n a t e l y ,  s i m i l a r  f i n d i n g s  a r e  n o t  a v a i l a b l e  f o r  t h e  e f f e c t  
o f  m o i s t u r e  s t r e s s  f o r  a c o m b i n a t i o n  o f  s t a g e s  o f  a c rop  o f  r i c e .  Thus,  i n  
t h e  s i m u l a t i o n  o f  g r o w t h  and y i e l d  o f  r i c e  c a r r i e d  ou t  h e r e ,  t h e  e f f e c t s  o f  
m o i s t u r e  s t r e s s  a t  v a r i o u s  s t a g e s  a r e  a s s u m e d  i n d e p e n d e n t  and  a d d i t i v e .  
F u r t h e r ,  t h e  t o t a l  g r o w t h  i s  r e p r e s e n t e d  i n  t e r m s  o f  f i n a l  g r a i n  y i e l d  
r a t h e r  t h a n  i n  d ry  m a t t e r  a c c u m u l a t i o n .
F o r m a l l y ,  t h e  g r o w t h  o f  t h e  c r o p  i n  t e r m s  o f  m o i s t u r e  s t r e s s  c a n  be  
r e p r e s e n t e d  by a s i m p l e  l i n e a r  f u n c t i o n .  I f  t h e  number o f  g r o w t h  s t a g e s  o r  
s u b - p e r i o d s  o f  t h e  Wet S e a s o n ' s  r i c e  i s  I ,  t h e n  t h e  f i n a l  g r a i n  y i e l d  o f  
t h e  c ro p ,  GY, can be e x p r e s s e d  a s :
I
GY = GY £ P d ( 5 . 3 )
r  i =1
where :  GYp i s  t h e  maximum p o t e n t i a l  y i e l d  o b t a i n a b l e  u n d e r  n o n - s t r e s s
c o n d i t i o n s  ( w h e r e  a l l  d-j_ = 0 ); d.j_ i s  t h e  n u m b e r  o f  s t r e s s  d a y s  i n  s u b ­
p e r i o d  i ;  and  F^ i s  t h e  r e d u c t i o n  i n  y i e l d  i n  kg  p e r  h e c t a r e  p e r  s t r e s s  
day i n  s u b - p e r i o d  i .
I t  may be n o te d  t h a t  t h e  e x p l a n a t o r y  v a r i a b l e  i n  t h i s  f u n c t i o n  i s  d^.
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TABLE 5-2
GRAIN YIELD OF IR8 VARIETY OF RICE UNDER 
MOISTURE STRESS DURING DIFFERENT PHENOLOGICAL STAGES
Stage/
Period
Yield
Kg/Ha Yield x100Stress free yield
Transplanting to 
maximum tillering 5.84 82
Transplanting to 
panicle initiation 4.68 65
Transplanting to 
heading 3.76 53
Maximum tillering 
to heading 6.31 88
Panicle initiation 
to maturity 5.87 82
Heading to 
maturity 6.10 85
Transplanting to 
maturity 1 .84 26
Control 7.16 (100)
Note: (i) Stress at various stages were imposed in field
experiments at IRRI; the procedure was to allow the 
moisture level to each 0.5 bar and then 5 cm of 
water was applied during the stage under 
consideration;
(ii) Adopted from the results reported by Datta etal 
(1973) for rice grown under puddled conditions.
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An alternative non-additive formulation is also possible as in, for 
example, Yaron et al (1980) and Bielorai and Yaron (1978). They specify a 
multiplicative relation of the form:
1 diGY = (GY ) 2 (F*) (5.4)
i=1
In this formulation F^ is the coefficient of yield reduction 
(0 < F* < 1). It is not pursued here as the former is straightforward and 
flexible for our purposes.
In these formulations of crop growth, there will be a yield response 
to water application during a particular stage if it is already under 
moisture stress. It is realized via reducing the number of stress days in 
that stage. Also, they assume that the current and future response of the 
crop to water is unaffected by the number of stress days in the previous 
stages and by the previous history of growth of the crop. Such an 
assumption of independence among growth stages is common in synthesized 
response functions. Yet, it is not unique to these functions. In fact, 
studies attempting to estimate crop-response functions statistically have 
also made such assumptions. Notable examples are those of Hall and Butcher 
(1968), Hanks (1974) and Minhas et al (1974).
In the formulation used in this study, the revenue function for the 
Wet Season's rice, f is given by
Ri = P-, [GYp - Y Fi . dj_ ] (5.5)
i=l
where, p>| is the price of rice for that season. Similarly, the net revenue 
function, R2> for the rice crop in the Dry Season is of the form:
R2 [GYp - I Fj . dj 1
j = l
P2 (5*6)
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where, J and P2 represent the number of stages in the season and the 
corresponding price of rice respectively.
In the actual computation of the revenue, the maximum attainable yield 
of high-yielding and early maturing varieties of rice grown under 
conditions free from moisture stress is taken as 4 tonnes per hectare. 
This figure is considered realistic by agronomists working in the locality 
(Thavanesh, 1983). Moreover, it is in agreement with general yield levels 
reported within the same region for many well-managed irrigation schemes, 
where the levels of other inputs in use for rice are somewhat similar. 
Another aspect, regarding yield performance of rice in relation to the 
seasons must be noted. It is claimed that under the same level of 
management, rice in the Dry Season performs marginally better than that in 
the Wet Season because of increased sunshine. This is likely to be 
significant in the Wet Zone. For rice grown in the Dry Zone, it is thought 
not sufficently important to take this into account in the model 
explicitly, although it can be easily incorporated. The price of rice does 
not vary notably between seasons. Therefore, it is considered reasonable 
to assume a fixed figure of Rs 1500 per tonne, conforming to the Government 
procurement price in 1976, which is treated as the reference year.
The F^ values needed in the computation can be deduced from a 
knowledge of the relative yield reduction values for moisture stress during 
various stages of the rice crops. Unfortunately, suitable experimental 
findings are not available for the study area. As an alternative, the 
relative yield reduction figures provided by Datta et al (1 973) are 
utilized in this study. The procedure for deriving the F values is 
simple. It is based on the logic that if moisture stress occurring at a 
particular stage results in a certain percentage reduction in the final 
yield, then that reduction can be regarded as the contribution towards the 
final yield of all the non-stress days during that stage.
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The d e t e r m i n a t i o n  o f  the  a b s o l u t e  v a l u e  o f  c o n t r i b u t i o n  i n v o l v e s  t h e  
a p p o r t i o n m e n t  o f  t h e  t o t a l  y i e l d  among t h e  v a r i o u s  s t a g e s .  T h i s  i s  
a c c o m p l i s h e d  by s e p a r a t i n g  th e  y i e l d  r e d u c t i o n s  o f  v a r i o u s  s t a g e s  b a s ed  on 
t h e  r e s u l t s  p r e s e n t e d  i n  T a b l e  5*2 and  a s s i g n i n g  p o i n t s .  T h e s e  a r e  t h e n  
t r a n s l a t e d  i n  t e r m s  o f  g r a i n  y i e l d  t a k i n g  i n t o  c o n s i d e r a t i o n  t h e  p o t e n t i a l  
y i e l d  o f  4.1 to n n e s .  The g r o w th  w i t h i n  each  s t a g e  i s  assumed t o  be l i n e a r  
and t h e  v a l u e  o f  d a i l y  g row th  i n  a p a r t i c u l a r  s t a g e  i s  o b t a i n e d  by d i v i d i n g  
t h e  y i e l d  c o n t r i b u t i o n  by t h e  n u m b e r  o f  d a y s  i n  t h a t  s t a g e .  The F v a l u e s  
d e r i v e d  f o r  t h e  r i c e  v a r i e t y  c o n s i d e r e d  i n  t h i s  s t u d y  a r e  p r e s e n t e d  i n  
T a b le  5*3* The a p p ro a c h  a d o p te d  h e r e  f o r  t h e  d e r i v a t i o n  o f  v a l u e s  o f  d a i l y  
g r o w t h  i s  s i m i l a r  t o  t h a t  a d o p t e d  by Denmead  and  Shaw (i 960)  and D u d l e y  
(1 9 7 0 )  f o r  c o r n  c r o p .  The g r o w t h  s i m u l a t i o n  m o d e l  d e f i n e d  by  e q u a t i o n s  
(5.5) and (5*6) c o n s t i t u t e s  t h e  b u i l d i n g  b l o c k  f o r  t h e  c rop  w a t e r  r e s p o n s e  
f u n c t i o n .
5 .3*3  I r r i g a t i o n  and S o i l  M o i s t u r e
The s i m u l a t i o n  model  d e s c r i b e d  e a r l i e r  a c c o u n t s  f o r  c r o p  g r o w t h  on a 
d a i l y  b a s i s  g i v e n  c o r r e s p o n d i n g  e v a p o r a t i o n  r a t e s  and  l e v e l s  o f  s o i l  
m o i s t u r e .  F o r  a g i v e n  e v a p o r a t i o n  r a t e ,  r e a l i z a t i o n  o f  g r o w t h  on a 
p a r t i c u l a r  da y  d e p e n d s  s p e c i f i c a l l y  on t h e  l e v e l  o f  s o i l  m o i s t u r e  i n  t h e  
vo lume o f  s o i l  p e rm e a t e d  by t h e  .pa r o o t s ,  u s u a l l y  known as  t h e  r o o t  zone. 
F u n c t i o n a l l y ,  t h e  r o o t  zone  i s  t h e  e v a p o t r a n s p i r a t i o n  z o n e  (ETZ),  w h i c h  
t r a n s m i t s  w a t e r  t o  t h e  c r o p .  I t  i s  t h e  ETZ w h i c h  i s  o f  i n t e r e s t  f o r  
i r r i g a t i o n  management .  The d e c i s i o n  o f  w h e t h e r  to  i r r i g a t e  o r  n o t  a s  w e l l  
a s  t h e  amount  depends  on th e  s o i l  m o i s t u r e  l e v e l  i n  t h e  ETZ. I n  p r a c t i c e ,  
i t  i s  p o s s i b l e  to  m easu re  the  m o i s t u r e  c o n t e n t  w i t h  i n s t r u m e n t s  such  a s ,  
f o r  example ,  t e n s i o m e t e r s .  A l t e r n a t i v e l y ,  t h i s  can  a l s o  be e s t i m a t e d  on 
t h e  b a s i s  o f  h y d r o l o g i c a l  and m e t e o r o l o g i c a l  i n f o r m a t i o n ,  which  can be used  
t o  u p d a t e  s o i l  m o i s t u r e  v a lu e  i n  t h e  p r e c e d i n g  p e r i o d .
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TABLE 5.3
DERIVED VALUES OF YIELD REDUCTION DUE TO MOISTURE 
STRESS OF A 100 DAY IMPROVED RICE VARIETY'e'
Phenological
Stage
Duration
indays
Relative 
reduction 
points from 
Table 5.2
Derived
yield reduction 
in per cent
Value of a stress 
free day 
100 Rupees^'
Sowing to early(a) 
vegetative stage
14 6(b) 0.47
Early vegetative 
phase to maximum 
tillering
20 18 37 2.58
Maximum tillering 
to heading
35 12 25 0.69
Heading to 
maturity
21 + 9^c) 15 31 1 .64
Note: (a) Early vegetative phase is defined to correspond to the pre
transplanting phase under the establishment practice of 
transplanting of rice in puddled flooded fields;
(b) It is assumed that stress up to the early vegetative phase can 
result in 6 percent reduction in yield;
(c) In the last 9 days before harvesting, grain drying takes place, 
having already attained the possible physiological yield;
(d) This is based on a yield of 4.1 tonnes/ha and a net price of 
Rs3000 per tonne of rice (i.e. Rs60/bu);
(e) IR8 the variety for which Datta et al (1973)'s finding refer to 
is a 4 month rice variety. Thus the findings are used only as a 
guide to the possible effect of stress on a 3-3 ^  monthrice 
crop.
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The estimation of soil moisture levels in this study is based on a 
water-balance model of the evapotranspiration zone. The model takes into 
account the influences of all the elements involved so that the residual 
gives the soil moisture content. Evapotranspiration in the riceland 
constitutes the single most important element that is responsible for the 
depletion of the soil moisture. Rainfall and irrigation replenish the soil 
moisture. These factors along with other elements of hydrology provide the 
basis for the estimation. Soil moisture levels on a daily basis can thus 
be estimated for a given history of meteorological conditions. The general 
procedure for estimating soil moisture M t) ± s to apply the following 
identity:
Mt = Mt-1 + RFt + IRt + HEt - ETt - RDt , (5-7)
PWP < Mt < FC
where: M^_ is the available soil moisture content in the ETZ
in mm on day t;
FFt is the rainfall on day t;
is the depth of irrigation on day t;
RE^ is the available moisture in the additional depth of soil into
which the root extended on day t; and
R^t is the runoff from the surface and deep percolation on day t.
Also, as defined earlier, PWP and FC refer to the permanent wilting point 
and field capacity respectively. It must be noted that in the above 
representation soil moisture is recursive and updated on a daily basis. 
Soil moisture at the beginning of day, t, is treated as that found at 
the end of the previous day, (t-1). The soil moisture content as a percent
of the total water holding capacity of the ETZ gives soil moisture
percentage.
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In the actual computation of soil moisture levels, historical records 
of rainfall and evaporation from standard evaporation tanks are utilized. 
Only 90 percent of the actual rainfall on any day is treated as 'effective' 
in influencing the soil moisture regime. The balance is regarded as 
intercepted by the foliage or assumed to wet only a thin layer of soil 
containing few roots. As an approximation, RD^ is assumed to be 
negligible. The assumption of zero runoff for bunded rice land^ is not 
unjustifiable. Following the experimental findings of Hasegawa et al 
(1 979), a maximum depth of 50 cm is assumed for the root zone or the ETZ. 
The relevant depth of the soil from the time of planting up to 1 4 days 
is taken as 12.5 cm. After this early period root growth is assumed to 
take place linearly until 55 days. By this time the maximum depth is 
reached and it marks the end of the vegetative phase. A further assumption 
is that the soil is homogeneous and well drained with a water holding 
capaciy of 50 mm per 50 cm of depth. The latter is a widely accepted 
figure for the class of soil, known as the reddish brown earth, found in 
the study area.
While keeping track of the daily soil moisture levels, the above 
water-balance model can be easily adapted to implement irrigation policies 
on the computer. As in Dudley et al (1971 a), irrigation policies in this 
study are defined in terms of terminal soil moisture (TSM). A TSM policy 
is the chosen soil moisture level below which an irrigation would be 
provided so as to restore the ETZ to saturation. This is a clear departure 
from defining irrigation policy directly in quantity of water as in Flinn 
(1968). As will be seen, such a definition of irrigation policy has 
advantages over the latter. Moreover, the quantity of irrigation can be 
determined indirectly.
-1 iBy raising bunds of 1 to 1 — feet in height, each holding is divided
into a number of plots.
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The quantity of irrigation water to he applied in relation to a TSM is 
determined from the following equation.
IRt = k (SMt . ETZt - SMt_1 . ETZt_1 ) - RFt + ETt (5.8)
100
where: SM^ is the soil moisture level in percentage that is less than
the specified TSM level;
ETZ^ is the evapotranspiration zone or root zone on day t; and 
k is the water holding capacity per unit of ETZ.
The RF^ and ET^ are as defined before.
With a knowledge of the irrigation efficiency, the series of 
irrigations can be stated in terms of the associated withdrawals from the 
dam itself. The volume of water released ex-sluice from the dam is given 
by
G . IR.
W = _______ (5.9)
ß
where: G is the area of rice under irrigation; and
ß is the irrigation efficiency.
Irrigation efficiency is defined as the ratio of the amount of water 
reaching the root zone of the crop to that released ex-sluice. It accounts 
for conveyance losses.
5.3.4 Simulation of the crop irrigation system
When considered together, the rice-growth model and the water balance 
model provide a useful characterization of the crop irrigation system. 
Despite the many simplifying assumptions, simulation based on such a 
characterization of the system proves to be adequate for the purposes of
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e v a l u a t i n g  v a r i o u s  i r r i g a t i o n  p o l i c i e s .  The s e t  o f  p o l i c i e s  i n c l u d e s  t h e  
o p t i o n  o f  z e ro  i r r i g a t i o n  o r  r a i n f e d  c u l t i v a t i o n  o f  r i c e  a s  w e l l .  Computer  
s i m u l a t i o n  o f  t h e  sy s te m  i s  dynamic and i s  based  on a c t u a l  d a i l y  r e c o r d s  o f  
w e a t h e r  v a r i a b l e s  such  a s  r a i n f a l l  and e v a p o r a t i o n .  B i o l o g i c a l  i n p u t s  i n  
r e l a t i o n  t o  r i c e  a r e  t h e  c r o p  f a c t o r  ( f ) ,  r o o t  z o n e  e x t e n s i o n  p a r a m e t e r s  
and t h e  v a l u e s  o f  c o n t r i b u t i o n  o f  v a r i o u s  s t a g e s  o f  t h e  c r o p  t o  f i n a l  
y i e l d .  M o i s t u r e  h o l d i n g  c a p a c i t y  o f  t h e  r i c e  s o i l  and th e  s o i l  f a c t o r ,  a , 
c o n s t i t u t e  t h e  o n l y  p h y s i c a l  i n p u t s  r e q u i r e d .  The o p e r a t i o n  o f  t h e  
s i m u l a t i o n ,  a s  d i s c u s s e d  e a r l i e r ,  i n v o l v e s  t h e  f o l l o w i n g  s t e p s :
( i )  t h e  c o m p u t a t i o n  o f  e v a p o t r a n s p i r a t i o n  f o r  t h e  day;
( i i )  t h e  u p d a t i n g  o f  t h e  s o i l  m o i s t u r e  l e v e l  t a k i n g  i n t o  a c c o u n t  t h e  
e x t e n s i o n  o f  t h e  ETZ from t h e  p r e v i o u s  day;
( i i i )  t h e  i d e n t i f i c a t i o n  o f  w h e t h e r  t h e  c rop  i s  u n d e r  m o i s t u r e  s t r e s s  
and a c c o u n t i n g  f o r  g r o w th  i f  t h e  c rop  i s  u n s t r e s s e d ;  and
( i v )  i m p l e m e n t i n g  t h e  TSM p o l i c y  a n d  r e c o r d i n g  t h e  r e q u i r e d  
i r r i g a t i o n .
For  a s p e c i f i e d  TSM p o l i c y ,  t h e  c o m p u te r  s i m u l a t e s  t h e  c ro p  i r r i g a t i o n  
s y s t e m  and  c o m p u t e s  t h e  r e q u i r e d  q u a n t i t i e s  o f  i r r i g a t i o n  and  t h e  
a s s o c i a t e d  v a l u e  o f  y i e l d  o f  r i c e .  A sa m p le  o f  t h e  s i m u l a t i o n  o u t p u t  f o r  a 
TSM o f  80  p e r c e n t  i s  show n  i n  T a b l e  5 .4 .  I t  may be n o t e d  t h a t  t h e  
c u m u l a t i v e  g r o w t h  i s  p r e s e n t e d  i n  t h e  l a s t  c o l u m n  w h i l e  t h e  a s s o c i a t e d  
w i t h d r a w a l s  f r o m  t h e  dam a r e  sh o w n  i n  t h e  e i g h t h  c o l u m n  o f  t h e  t a b l e .  
O b v io u s ly ,  t h e  h i g h e r  t h e  TSM p o l i c y  t h e  more f r e q u e n t  a r e  t h e  i r r i g a t i o n s  
l e a d i n g  t o  a h i g h e r  t o t a l  w i t h d r a w a l  f rom th e  dam. Also ,  t h e  c u m u l a t i v e  
g r o w t h  f u n c t i o n  o f  a r e l a t i v e l y  h i g h e r  TSM w i l l  l i e  a b o v e  t h a t  
c o r r e s p o n d i n g  t o  a l o w e r  TSM. F u r t h e r ,  s i n c e  e a c h  TSM c o r r e s p o n d s  t o  a 
c e r t a i n  p a t t e r n  o f  i r r i g a t i o n ,  i t  i s  p o s s i b l e  to  r e l a t e  t h e  f i n a l  y i e l d s  to  
t h e  t o t a l  q u a n t i t i e s  o f  w a t e r  a s s o c i a t e d  w i t h  v a r i o u s  TSM p o l i c i e s .  
A l t e r n a t i v e l y ,  i n s t e a d  o f  i m p l e m e n t i n g  a s i n g l e  TSM t h r o u g h o u t  t h e  g row ing
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TABLE 5.4
CROP GROWTH AND IRRIGATION UNDER A SPECIFIC IRRIGATION 
POLICY: A SEGMENT OF SIMULATION OUTPUT FOR THE YEAR 1976/77
Terminal Soil Moisture = 80.0^
DAY EO F ETP P ETA RF SM% IRR ETzone GROWTH TOTGROWTH
196 6.42 0.20 1 .28 1 .00 1 .28 0.5 89.76 0.00 24.95 2.58 140.94
197 6.14 0.20 1 .23 1 .00 1 .23 0.0 100.00 0.77 26.62 2.58 143.52
198 6.71 0.20 1 .34 1 .00 1 .34 1 1 .7 100.00 0.00 28.29 2.58 146.10
199 7.74 0.20 1 .55 1 .00 1 .55 1 .5 93.26 0.00 20.96 2.58 148.68
200 7.08 0.20 1 .42 1 .00 1 .42 3.6 92.27 0.00 31 .63 2.58 151 .26
201 7.37 0.20 1 .47 1 .00 1 .47 0.0 83-88 0.00 53.50 2.58 153.84
202 4.16 0.20 0.83 1 .00 0.83 0.0 100.00 1.11 34.97 2.58 156.42
203 6.20 0.20 1 .24 1 .00 1 .24 0.0 92.06 0.00 36.64 2.58 159.00
204 6.45 0.20 1 .29 1 .00 1 .29 0.0 84.68 0.00 38.31 2.58 161 .58
205 4.56 0.20 0.91 1 .00 0.91 5.1 89-06 0.00 39-98 2.58 164.16
206 6.04 0.35 2.11 1 .00 2.11 0.0 80.42 0.00 41 .65 2.58 166.74
207 6.64 0.35 2.32 1 .00 2.32 0.0 100.00 1.71 43.32 2.58 169.32
208 7.04 0.35 2.46 1 .00 2.46 0.0 90.81 0.00 44.99 2.58 171.90
209 7.27 0.35 2.54 1 .00 2.54 0.3 82.62 0.00 4 6 .66 2.58 174.48
210 6.33 0.35 2.22 1 .00 2.22 0.0 100.00 1 .69 48.33 0.69 175.17
21 1 6.03 0.35 2.11 1 .00 2.11 0.0 92.44 0.00 50.00 0.69 175.86
212 5.41 0.35 1 .89 1 .00 1 .89 0.0 88.65 0.00 50.00 0.69 176.55
213 6.31 0.35 2.21 1 .00 2.21 0.0 84.24 0.00 50.00 0.69 177.24
214 6.87 0.35 2.40 1 .00 2.40 0.0 100.00 1 .45 50.00 0.69 177.93
Note: (a) The results relate to 12.15 hectares of rice grown under the new technology
of production in the Dry Season;
(b)The growth is given in hundreds of rupees while the irrigation is in acre 
feet; and
(c) The days are numbered commencing on 2nd September, which marks the 
beginning of the Agricultural year.
213
p e r i o d  o f  t h e  c ro p  i t  i s  p o s s i b l e  to  s u b d i v i d e  i t  and im p l e m e n t  d i f f e r e n t  
TSM p o l i c i e s  i n  t h e  v a r i o u s  s u b p e r i o d s .  S u b - p e r i o d s  can be o f  any l e n g t h ,  
say f o r t n i g h t s ,  weeks o r  even days .
Each c o m b i n a t i o n  o f  TSM p o l i c i e s  o v e r  t h e  v a r i o u s  s u b - p e r i o d s  w i l l  be 
a s s o c i a t e d  w i t h  a q u a n t i t y  o f  w a t e r  and a f i n a l  y i e l d .  Thus t h e r e  i s  s cope  
f o r  d e v e l o p i n g  t h r e e  t y p e s  o f  c ro p  r e s p o n s e  f u n c t i o n s ,  v i z :
( i )  a f u n c t i o n  r e l a t i n g  r i c e  y i e l d  t o  t o t a l  q u a n t i t y  o f  w a t e r  
d e f i n e d  by f i x e d  i n t r a s e a s o n a l  TSM p o l i c i e s ;
( i i )  a r i c e - w a t e r  r e s p o n s e  s u r f a c e  d e f i n e d  b y  t h e  v a r i o u s  
c o m b i n a t i o n s  o f  TSM p o l i c i e s  o v e r  t h e  v a r i o u s  s u b - p e r i o d s ;  and
( i i i )  a f u n c t i o n  r e l a t i n g  y i e l d  to  t o t a l  q u a n t i t y  o f  w a t e r  d e f i n e d  
by t h e  e f f i c i e n t  i n t r a s e a s o n a l  c o m b i n a t i o n  o f  TSM p o l i c i e s .
I t  mus t  be n o t e d  t h a t  a g i v e n  TSM i n  d i f f e r e n t  s u b - p e r i o d s  i s  l i k e l y  
to  be a s s o c i a t e d  w i t h  d i f f e r e n t  q u a n t i t i e s  o f  w a t e r .  Because o f  t h i s ,  t h e  
f u n c t i o n  o f  t y p e  ( i )  i s  d i f f e r e n t  f r o m  a p r o d u c t i o n  f u n c t i o n  w i t h  f i x e d  
i n t r a s e a s o n a l  d i s t r i b u t i o n  o f  w a t e r ,  d i s c u s s e d  e a r l i e r .  The t h i r d  t y p e  o f  
f u n c t i o n  w i l l  be found w i t h i n  t h e  s e t  mapped by t h e  second ty p e .  B a s i c  to  
t h i s  p a r t i c u l a r  r e s p o n s e  f u n c t i o n  i s  t h e  e f f i c i e n t  d i s t r i b u t i o n ,  w i t h i n  t h e  
i r r i g a t i o n  s e a s o n  o f  t h e  c r o p ,  o f  e a c h  q u a n t i t y  o f  w a t e r  i n  i t s  d o m a i n .  
Moreover ,  such a f u n c t i o n  can a l s o  be a d a p te d  to  d e a l  w i t h  t h e  d i s t r i b u t i o n  
o f  a q u a n t i t y  o f  w a t e r  wh ich i s  t i m e - v a r i a b l e  due to  exogenous  i n f l u e n c e s .  
Because o f  i t s  s u i t a b i l i t y  to  e x p l o r e  t h e  i r r i g a t i o n  p o s s i b i l i t i e s  and t h e  
i s s u e s  c o n c e r n i n g  t h e  w a t e r  r e s o u r c e  u n d e r  c o n s i d e r a t i o n ,  i t  i s  f a v o u r e d  i n  
t h e  p r e s e n t  s tu d y .
S t r i c t l y  s p e a k i n g ,  e f f i c i e n t  i n t r a s e a s o n a l  d i s t r i b u t i o n  o f  a g i v e n  
q u a n t i t y  o f  w a t e r  i s  a c o n t r o l  p rob le m ,  where t i m e  e n t e r s  a s  a c o n t i n u o u s  
v a r i a b l e .  When t i m e  e n t e r s  a s  a d i s c r e t e  v a r i a b l e ,  e .g .  i n  w e e k s ,  i t  c a n  
be d e a l t  w i t h  as  a m u l t i s t a g e  o p t i m i z a t i o n  p rob lem .  Dynamic P ro g ra m m in g  i s
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i d e a l l y  s u i t e d  f o r  s o l v i n g  such  p r o b le m s  (B e l lm an ,  1957; B l a c k w e l l ,  1962). 
C o m p u t a t i o n a l l y ,  such  an a p p ro a c h  to  i n t r a s e a s o n a l  d i s t r i b u t i o n  o f  w a t e r  i s  
s t r a i g h t f o r w a r d  and  i s  r e l a t i v e l y  e a s y  t o  i m p l e m e n t .  I t  a l s o  h a s  a 
p r a g m a t i c  a p p e a l .
5 *4 The S im u la t io n -D y n a m ic  Programming Model
D yna m ic  p r o g r a m m i n g  (DP) i m p r o v e s  t h e  c o m p u t a t i o n a l  e f f i c i e n c y  o f  
m u l t i s t a g e  o p t i m i z a t i o n  p r o b le m s .  Each s t a g e  r e p r e s e n t s  a s u b p ro b le m .  The 
b a s i c  i d e a  o f  t h e  t e c h n i q u e  i s  t o  d e c o m p o s e  t h e  p r o b l e m  i n t o  s u c h  
s u b p r o b l e m s  which  a r e  c o m p u t a t i o n a l l y  more m anageab le .  C onc e p t s  b a s i c  to  
DP a r e  s t a g e s ,  s t a t e  v a r i a b l e s  and d e c i s i o n  v a r i a b l e s .  D e c i s i o n  v a r i a b l e s  
a r e  t h e  c o n t r o l  o p t i o n s  a v a i l a b l e  a t  any s t a g e  which  w i l l  change  t h e  s t a t e  
o f  t h e  s y s t e m  i n  t h e  n e x t  s t a g e .  The s t a t e  o f  t h e  s y s t e m  r e p r e s e n t s  t h e  
l i n k  b e t w e e n  s u c c e e d i n g  s t a g e s  so  t h a t  when e a c h  s t a g e  i s  o p t i m i z e d  
s e p a r a t e l y ,  t h e  r e s u l t i n g  d e c i s i o n  i s  a u t o m a t i c a l l y  f e a s i b l e  f o r  t h e  e n t i r e  
p rob le m .  Moreover ,  DP a l l o w s  one t o  make opt imum d e c i s i o n s  a t  each  s t a g e  
w i t h o u t  h a v in g  to  check  t h e  e f f e c t  o f  f u t u r e  d e c i s i o n s  on t h o s e  p r e v i o u s l y  
made. The r a t i o n a l e  b e h in d  DP i s  g i v e n  by t h e  P r i n c i p l e  o f  O p t i m a l i t y  due 
t o  B e l lm a n  (1957)- I t  s t a t e s  t h a t :
"An o p t i m a l  p o l i c y  h a s  t h e  p r o p e r t y  t h a t ,  w h a t e v e r  t h e  i n i t i a l  
s t a t e  and  c o n t r o l  a r e ,  t h e  r e m a i n i n g  d e c i s i o n s  m u s t  c o n s t i t u t e  an  
o p t i m a l  p o l i c y  w i t h  r e g a r d  t o  t h e  s t a t e  r e s u l t i n g  f r o m  t h e  f i r s t  
d e c i s i o n . "
G e n e r a l  a p p l i c a b i l i t y  o f  DP t o  i s s u e s  o f  w a t e r  r e s o u r c e  s y s t e m s  h a s  
been d i s c u s s e d  by K e c k l e r  and L a r s o n  (1968)  and by Mawer and Thorn (1974).  
A p p l i c a t i o n s  o f  DP f o r  r e s o l v i n g  i r r i g a t i o n  p r o b le m s  abound i n  t h e  w a t e r  
and farm management  l i t e r a t u r e .  A r e v i e w  o f  some o f  t h e  s t u d i e s  i s  g i v e n  
by B l a n k  ( 1 9 7 5 ) .  Of s p e c i a l  i n t e r e s t  a r e  t h e  s t u d i e s  by F l i n n  ( 1 9 6 8 )  and 
D u d l e y  ( 1 9 7 0 ) .  D u d l e y  h a s  a p p l i e d  s t o c h a s t i c  DP t o  s t u d y  o p t i m a l
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intraseasonal and inter-year allocation of water for corn. A deterministic 
DP approach has been adopted by Flinn to determine the optimal number of 
irrigations at various phases of growth of a number of summer crops in New 
South Wales. Dudley's approach can be easily adapted to resolve the 
intraseasonal allocation under consideration. In order to make use of this 
procedure for determining the efficient intraseasonal distribution, the 
problem must be stated in terms of DP variables.
5.4.1 The setting of the problem
The crop irrigation system presented in the previous section is not 
constrained by the quantity of water available for allocation within the 
season. This aspect has, in fact, not been incorporated. Soil moisture 
level in the rice land has been the only criterion or state variable of the 
system considered for irrigation decisions. Irrigation decisions are 
defined in terms of TSM. In other words, it is the decision variable and 
it refers to the soil moisture level at which an irrigation is applied. In 
the simulation example presented at the end of the previous section, TSM is 
defined to be constant for the entire season, where the total amount of 
irrigation is determined by the chosen TSM. However, when a given amount 
of water is to be distributed efficiently, a constant TSM policy for the 
entire season is not likely to be optimal. Instead, a combination of 
different TSM values for various stages of the crop would almost certainly 
be needed. The feasibility of a TSM for a particular stage depends, apart 
from the level of soil moisture, on the remaining volume of water. In 
fact, this is the most important state variable for the intraseasonal 
allocation problem. Dudley and Burt (1973) suggested that the state of 
growth of the crop must also be included as a state variable in a complete 
DP formulation. When the growth process of rice is additive, as assumed in 
this study, this state variable drops out.
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Following Hall and Butcher (1968), the intraseasonal allocation 
problem can be formulated as a two state deterministic DP problem, where 
the state variables are the water stock and the soil moisture. However, it 
must be noted that the present formulation differs from theirs in two 
respects. First, the crop growth is additive as opposed to a 
multiplicative growth process assumed by Hall and Butcher. Secondly, the 
decision variable here is the TSM whereas it is the actual quantity of 
irrigation in their formulation. In this respect, the present formulation 
is similar to that of Dudley (19T0). Dudley's formulation is designed to 
study the allocation possibilities of a reservoir system, where the water 
resource could be carried over years. Also, the reservoir is regarded as 
subject to stochastic inflows but not any physical depreciation or 
evaporative loss. This is a major consideration in the intraseasonal 
allocation formulation in the present study.
The time profile of water quantities is central to the present DP 
formulation. Levels of storage are available on a weekly basis for the 
planning horizon of N weeks, where N < 52. It may be recalled that the 
weeks are denoted, in relation to water storage, by k, where k = 
1 ,2,....,N. For the purpose of exposition, let us divide the N weeks into
four subsets consisting of n^  n2 , n^ and nq weeks from the beginning of 
the year so that
N = n>| + n2 + n^  + nq
where: n1 and n3 cover the irrigation seasons of rice in the Wet and the 
Dry Seasons respectively; and n2 and nq represent the irrigation-free 
periods between the two seasons and at the end of the Dry Season 
respectively. Our focus of attention is only on the periods n^  and n .^ 
The irrigation period of the Wet and the Dry Seasons are divided into n-] 
and n^  stages respectively. Each stage is of one week in length. For the
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purpose of backward recursion which is most efficient for DP computations, 
the stages are numbered starting from the end of each season towards its 
beginning. The irrigation seasons of the Wet and the Dry Season rice crops 
are labelled i and j respectively, where:
i = 1 , 2 n-j ; and j = 1 , 2 nj •
It must also be noted that
i = (n-j - k) , k < n>| ;
and j = (N - n^ - k) , (n^  + n.2 ) < k < (n-| + n2 + n^)
These equations show the correspondence between the stages defined for the 
DPs and the chronological ordering of weeks in the planning horizon.
The stages, state variables and the decision variable can be easily 
put together in a deterministic DP framework so that the principle of 
optimality could be applied for determining the efficient intraseasonal 
allocation.
5.4.2 The DP formulation
In the present study, the available water for distribution throughout 
a season cannot be defined as a given stock at the beginning of the season. 
This is so because the availability of water in the dam is represented by a 
vector of quantities. Consecutive elements of the vector are 
interdependent. Thus, given the storage levels at the beginning, the 
amount available for distribution can be defined by specifying the terminal 
storage condition at the end of the season. For example, it can be 
specified for the Wet Season by specifying the storage level on the (n-|+l ) 
th week. A given terminal state condition would permit a certain total
amount of distribution for the season.
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The p r o b l e m  o f  d i s t r i b u t i n g  e f f i c i e n t l y  w i t h i n  t h e  Wet  S e a s o n  o f  a 
q u a n t i t y  o f  w a t e r ,  d e f i n e d  a s  above ,  can be s t a t e d  as  t h e  m a x i m i z a t i o n  o f  
t h e  o b j e c t i v e  f u n c t i o n .
0 = 9 ( S k> Mk , Tk ) + F(S +1 , M +1 , n1 +1) ( 5 .1 0 )
s u b j e c t  to  t h e  c o n d i t i o n  t h a t  t h e s e  T^s b e lo n g  to  a g i v e n  s e t :
Tk e f t  ; k = 1 , 2 , ---- ,n1 .
Also ,  t h e  above n o t a t i o n s  a r e  d e f i n e d  as  f o l l o w s :
S^ . i s  t h e  q u a n t i t y  o f  w a t e r  s t o r a g e  a t  t h e  b e g i n n i n g  o f  week k;
i s  t h e  s o i l  m o i s t u r e  l e v e l  a t  t h e  b e g i n n i n g  o f  week k;
T^ . i s  t h e  TSM a p p l i e d  d u r i n g  week k;
F(.) i s  t h e  t e r m i n a l  c o n d i t i o n  o f  s t a t e  v a r i a b l e s ;  and
0 ( . )  i s  t h e  r e s p o n s e  f u n c t i o n  o f  r i c e  f o r  T^, u n d e r  g i v e n  i n i t i a l  
s t a t e  s i t u a t i o n s ,  d u r i n g  k.
A p p l i c a t i o n  o f  t h e  P r i n c i p l e  o f  O p t i m a l i t y  to  t h e  above p ro b le m  y i e l d s  
t h e  r e c u r r e n c e  r e l a t i o n ,
0 i ( S i t  Mp -  max Q(Si t  Mi t  Tt ) + 0 i _ 1(Si _ 1 , M±_ , ) (5.11)
The s u b s c r i p t  i  now s t a n d s  f o r  s t a g e s  i n  a c c o r d a n c e  w i t h  t h e  c o n v e n t i o n a l  
DP n o t a t i o n s  w h e r e  s t a g e s  a r e  n u m b e r e d  b a c k w a r d s  f r o m  t h e  e n d i n g  o f  t h e  
i r r i g a t i o n  se a s o n .  The maximum v a l u e  o f  t h e  o b j e c t i v e  f u n c t i o n  a s s o c i a t e d  
w i t h  t h e  n1 s t a g e s  o f  p r o d u c t i o n  i s  g i v e n  by 0 n ( S n ,Mn )• D e t a i l s  o f  t h e  
s o l u t i o n  p r o c e d u r e  a r e  e l a b o r a t e d  i n ,  f o r  example ,  Nemhauser  (1966) .  The 
o p t i m a l  q u a n t i t i e s  o f  i r r i g a t i o n  a s s o c i a t e d  w i t h  t h i s  s o l u t i o n  a r e  g i v e n  by
{Qn ,Q2 ....... ,Qn i }• D i f f e r e n t  v e c t o r s  o f  o p t i m a l  q u a n t i t i e s  o f  w a t e r  and
d i f f e r e n t  v a l u e s  o f  o b j e c t i v e  f u n c t i o n  w i l l  r e s u l t  when t h e  S i m u l a t i o n - D P  
i s  i m p le m e n te d  f o r  v a r i o u s  t e r m i n a l  c o n d i t i o n s .  The t o t a l  q u a n t i t i e s  o f
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w a t e r  d i s t r i b u t e d  i n  s u c h  s i t u a t i o n s  and  t h e  c o r r e s p o n d i n g  v a l u e  o f  t h e
o b j e c t i v e  f u n c t i o n ,  t h a t  i s  t h e  y i e l d ,  c a n  be  r e l a t e d  t o  p r o d u c e  a c r o p -
w a t e r  r e s p o n s e  f u n c t i o n .  I t  must  be no t e d  t h a t  t h e  c rop r e s p o n s e  f u n c t i o n
f o r  r i c e  i n  d i f f e r e n t  Wet Se a s ons  can be d i f f e r e n t ,  de pe nd i ng  on r a i n f a l l
and o t h e r  c l i m a t i c  f a c t o r s .  The r e s p o n s e  f u n c t i o n  f o r  i n t e r d e p e n d e n c e
b e t w e e n  t h e  two s e a s o n s ,  t h e  b e g i n n i n g  s t a t e  s i t u a t i o n s ,  (S„ ,M_ ),  f o r  t he
n3_ n 3
Dry  S e a s o n  w o u l d  d e p e n d  on t h e  t e r m i n a l  c o n d i t i o n  d e f i n e d  f o r  t h e  Wet  
Season.  T h e r e f o r e ,  t h e r e  a r e  p o s s i b i l i t i e s  o f  g e n e r a t i n g  t h e  i n f o r m a t i o n  
r e q u i r e d  f o r  t h e  r e s p o n s e  f u n c t i o n s  o f  r i c e  c r o p s  o f  t h e  t wo  s e a s o n s  
s i m u l t a n e o u s l y .
I n  a n  o p e r a t i o n a l  c o n t e x t ,  i t  i s  n o t  a l w a y s  n e c e s s a r y  t o  s t i p u l a t e  
t e r m i n a l  c o n d i t i o n s  d i r e c t l y .  As an  a l t e r n a t i v e  t o  d e f i n i n g  t e r m i n a l  
c o n d i t i o n s ,  i t  i s  f e a s i b l e  t o  b u i l d  i n  c o n s e r v a t i o n  p o l i c i e s  t h a t  a r e  
dynamic  i n  c h a r a c t e r  and f u n c t i o n a l  t h r o u g h o u t  t h e  s e a s o n .  C o n s e r v a t i o n  
p o l i c i e s  cou l d  be used  t o  r e g u l a t e  o r  v a r y  e f f e c t i v e l y  t h e  amount  o f  w a t e r  
made a v a i l a b l e  f o r  d i s t r i b u t i o n  t h r o u g h o u t  t h e  s e a s o n .  Suc h  a n  a p p r o a c h  
i s ,  a s  we w i l l  s e e ,  n o t  o n l y  g e n e r a l  and  h a s  an  i n t u i t i v e  a p p e a l  b u t  a l s o  
s a v e s  v a l u a b l e  c o m p u t e r  c o r e  s p a c e .  T h e r e f o r e ,  i t  i s  p r e f e r r e d  i n  t h i s  
s t u d y .  D e f e r r i n g  d i s c u s s i o n  o f  t h i s  a s p e c t  t o  t h e  n e x t  c h a p t e r ,  we now 
o u t l i n e  t h e  s t a t e  t r a n s f o r m a t i o n  f u n c t i o n s  w h i c h  a r e  a l s o  b a s i c  t o  t h e  
u n d e r s t a n d i n g  o f  t h e  o p t i m i z a t i o n .
5*4*3 S t a t e  t r a n s f o r m a t i o n  f u n c t i o n s  and d i s c r e t i z a t i o n  o f  
v a r i a b l e s
I n  a DP p r ob l e m,  t h e  s t a t e  o f  t h e  s y s t e m f o l l o w i n g  a d e c i s i o n  depends  
on t h e  i n i t i a l  s t a t e  and t h e  d e c i s i o n  made. I n  t h e  s ys t e m r e p r e s e n t e d  by 
t h e  r e c u r s i v e  e q u a t i o n  (5-11 )* "the s t a t e  i s  c o n v e r t e d  f rom (S^_-j , t o
(Sj_, on i m p l e m e n t a t i o n  o f  a g i v e n  TSM. Such  a c o n v e r s i o n  i s  k nown  a s
s t a t e  t r a n s f o r m a t i o n .  The w h o l e  r a n g e  o f  c o n v e r s i o n  p o s s i b i l i t i e s  o f  a
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state variable for all feasible values of the decision variable is referred 
to as its state transformation function. The complexity of the 
transformation function depends on the characteristics of the state 
variable in question. The water state variable in the present context is 
time-variable and its state transformation function is governed by the 
storage and depreciation characteristics. A greater insight into the 
optimization problem can be gained by an understanding of its 
transformation function.
Since the quantity of water whose intraseasonal allocation needs to be 
computed is in storage in the dam over the season, the corresponding 
transformation has to be studied necessarily within the purview of the 
storage function. For convenience, let us consider the storage levels over 
weeks numbered forward as usual in chronological order. Also, consider the 
quantities of withdrawal, Qk, in various weeks, k, corresponding to TSM 
values instead of the TSM per se. Thus, the observed level of storage, Sk, 
will be given by
sk = yk - zQk k
where, yk, is the storage at week k in the absence of any withdrawal from 
the dam.
Premultiplying the above equation by we have
A(z"1)Sk = A(z"1)yk - A(z"1) £ Qk (5.12)
k
B(z-1 )
Recall that yk = -------  uk + £ k
A(z-')
Now, substituting for y^ . in equation (5.12) yields
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A(z 1)Sk = B(z 1)uk + A(z 1) ^ k - A(z 1) £ Qk (5*13)
k
According to the results of estimation of the transfer function model of 
the W-Dam, we have
A(z"1) = 1 - 0.938 z"1
B(z"1) = 0.687
Substituting these values and rearranging terms in equation (5.13) yields 
the following:
sk = 0.938 (sk.! +  ^Qk) - 2 Qk
k-1
+ 0.687 uk + (1 - 0.938z"1 )Ck (5.1 4)
In equation (5.14), the components associated with the rainfall and 
the noise term, i.e., (0.687 ufe + (1 - 0.938z"1 )C;k] , can be computed 
together for all the weeks for any rainfall data set. The other components 
relate quantities of water in the succeeding weeks and the history of 
withdrawal or use. As mentioned earlier, the quantity of withdrawal, Qk> 
is a function of the TSM adopted. Therefore, it is clear that equation 
(5.14) defines the state transformation function pertinent to the water- 
quantity state variable, given that each stage is a week long. Although 
the relationship represents a forward transformation, it can be easily 
reversed to suit a backward DP computation.
State transformation of the soil moisture variable follows equation 
(5.7), the water balance model. This updates the soil moisture level, M.^ 
on a daily basis. When no irrigation is provided, the moisture level is 
driven chiefly by incident rainfall and evapotranspiration. The quantity 
of water in each irrigation is designed to restore the soil moisture to 
saturation and depends on the TSM and the depth of the rootzone. As we 
will see, each stage is a week in duration and a constant TSM is adopted
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w i t h i n  each  s t a g e .  Fo r  t h e  p u r p o s e s  o f  t h e  DP c o m p u t a t i o n s ,  o n l y  t h e  s o i l  
m o i s t u r e  a t  t h e  b e g i n n i n g  o f  t h e  w eek  and a t  t h e  end  a r e  r e q u i r e d .  The 
s t a t e  o f  s o i l  m o i s t u r e  a t  t h e  b e g i n n i n g  o f  a week i s  t a k e n  as  e q u a l  to  t h a t  
o b t a i n i n g  a t  t h e  end o f  t h e  l a s t  day o f  t h e  p r e v i o u s  week.
The c o m p u t a t i o n a l  p r o c e d u r e  a l s o  r e q u i r e s  t h a t  t h e  s o i l  m o i s t u r e  and 
t h e  w a t e r  q u a n t i t y  v a r i a b l e s  be  made d i s c r e t e ,  a s  i n  B u r t  (1 9 6 4 ) .  I n  t h e  
p r e s e n t  s tu d y ,  w a t e r  q u a n t i t i e s  a r e  d i v i d e d  i n t o  0.5 a c r e  f e e t  u n i t s ,  w h i l e  
s o i l  m o i s t u r e  p e r c e n t a g e s  a r e  r o u n d e d  t o  t h e  n e a r e s t  d e c i l e s .  The s o i l  
m o i s t u r e  v a r i a b l e  i s  d e f i n e d  to  t a k e  s e v e n  v a l u e s ,  v i z .  40,  50,  60,  70,  80,  
90 and 100 p e r c e n t .  For  exam ple ,  s o i l  m o i s t u r e  v a l u e s  f a l l i n g  w i t h i n  t h e  
r a n g e  f r o m  66 t o  75 p e r c e n t  i s  t r e a t e d  a s  70 p e r c e n t .  Any m o i s t u r e  l e v e l  
beyond 95 p e r c e n t  i s  t a k e n  a s  100 p e r c e n t  o r  s a t u r a t i o n .  An i d e n t i c a l  s e t  
o f  v a l u e s ,  s u c h  a s  0 . 5 ,  1 .0 ,  1.5 and  so on ,  h a v e  b e e n  a l l o w e d  f o r  t h e  w a t e r  
q u a n t i t y  s t a t e  v a r i a b l e .  S i n c e  t h e  w a t e r  q u a n t i t y  i n  s t o r a g e  e x c e e d s  60 
a c r e  f e e t  i n  a n u m b e r  o f  w e e k s ,  m o re  v a l u e s  f o r  t h i s  v a r i a b l e  w o u l d  be 
r e q u i r e d  i n  a n o r m a l  DP f o r m u l a t i o n .  H o w e v e r ,  a s  we w i l l  s e e ,  t h e  
a d d i t i o n a l  f e a t u r e s  t h a t  e x p l i c i t l y  i n c o r p o r a t e  c o n s e r v a t i o n  i n  t h e  
o p t i m i z a t i o n  h e l p  to  c i r c u m v e n t  t h i s  p rob lem .  A l though  t h e  d i v i s i o n s  a r e  
a r b i t r a r y ,  t h e  c l a s s  w i d t h s  o f  t h e  d i s c r e t e  s t a t e  and d e c i s i o n  v a r i a b l e s  
h a v e  b e e n  g o v e r n e d  t o  a l a r g e  e x t e n t  by t h e  d e s i r e d  l e v e l  o f  a c c u r a c y  on 
t h e  one hand and th e  p r o b le m s  o f  d i m e n s i o n a l i t y  on t h e  o t h e r .  The l a t t e r  
p rob lem  i s  p a r t i c u l a r l y  s e r i o u s  i n  v iew  o f  t h e  r e l a t i v e l y  l a r g e  number o f  
s t a g e s  i n  t h e  DP. I n  t h e  DP o f  e a c h  r i c e  c r o p ,  t h e r e  a r e  13 s t a g e s  o f  one  
week each ,  a c c o u n t i n g  f o r  91 days a l t o g e t h e r .  For  a s h o r t - m a t u r i n g  c ro p  o f  
r i c e ,  an i r r i g a t i o n  s e a s o n  o f  t h i s  l e n g t h  i s  c o n s i d e r e d  r e a s o n a b l e .  For  a 
v a r i e t y  o f  r i c e  b e l o n g i n g  t o  t h e  4 t o  4 1 / 2  m o n th  a g e  c l a s s ,  a 16 w e e k s '  
i r r i g a t i o n  s e a s o n  i s  a l l o w e d .  These  w eek ly  s t a g e s  a r e  d e s ig n e d  to  match  
t h o s e  o f  t h e  w a t e r  s t a t e  v a r i a b l e .
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5.4.4 S y n t h e s i s  o f  t h e  w a t e r  r e s p o n s e  f u n c t i o n  o f  r i c e
The s i m u l a t i o n  o f  t h e  c r o p  i r r i g a t i o n  s y s t e m  and  t h e  d y n a m i c  
p r o g r a m m i n g  c o m p u t a t i o n s  a r e  i m p l e m e n t e d  j o i n t l y  so t h a t  r e s u l t s  o f  
n o n o p t i m a l  a l l o c a t i o n  s i t u a t i o n s  n e e d  n o t  he  c a r r i e d  f o r w a r d  u n t i l  t h e  
f i n a l  s t a g e .  For  any g i v e n  s t a g e ,  t h e  s i m u l a t i o n  component  e s t i m a t e s  t h e  
c ro p  r e t u r n s  and s t a t e  v a r i a b l e  l e v e l s  t h a t  would r e s u l t  when v a r i o u s  TSM 
p o l i c i e s  a r e  f o l l o w e d  f o r  a g i v e n  w a t e r  q u a n t i t y  and a s o i l  m o i s t u r e  l e v e l .  
The p r o c e s s  i s  r e p e a t e d  f o r  v a r i o u s  s t a t e  s i t u a t i o n s  i n  t h a t  s t a g e .  The DP 
t h e n  s e l e c t s  t h e  o p t i m a l  TSM p o l i c i e s  f o r  t h e  c u r r e n t  and r e m a i n i n g  s t a g e s .  
Working backward  from t h e  end o f  t h e  s e a s o n ,  t h e  c o m p u t a t i o n a l  p r o c e s s  i s  
c o n t i n u e d  s t a g e  by s t a g e  u n t i l  a l l  t h e  s t a g e s  h a v e  b e e n  c o n s i d e r e d .  The 
a s s o c i a t e d  v e c t o r  o f  w a t e r  w i t h d r a w a l  o v e r  a l l  t h e  s t a g e s  a nd  t h e  t o t a l  
c ro p  r e t u r n  a r e  p r o v i d e d  a s  o u t p u t s  by t h e  c rop  i r r i g a t i o n  s i m u l a t i o n  model  
and t h e  w a t e r  b a l a n c e  model .  R e d e f i n i n g  t h e  w a t e r  q u a n t i t y ,  t h i s  e x e r c i s e  
i s  r e p e a t e d .  B a s e d  on  t h e  r e s u l t s  o b t a i n e d  b y  a n u m b e r  o f  s u c h  
r e p e t i t i o n s ,  a c ro p  w a t e r  r e s p o n s e  f u n c t i o n  i s  s y n t h e s i z e d .  F u r t h e r m o r e ,  
s u c h  f u n c t i o n s  o b t a i n e d  f o r  d i f f e r e n t  a r e a s  o f  r i c e  c a n  be u s e d  t o  t r a c e  
t h e  w a t e r  r e s p o n s e  f r o n t i e r ,  w h i c h  c o n s t i t u t e s  t h e  b a s i s  o f  t h e  d e r i v e d  
dem and  c u r v e  f o r  w a t e r .  As h a s  b e e n  p o i n t e d  o u t  e a r l i e r ,  t h e  d e r i v e d  
demand f u n c t i o n  o f  t h e  Dry Season  r e p r e s e n t s  t h e  u s e r  c o s t  f u n c t i o n .
When compared w i t h  c o n v e n t i o n a l  f u n c t i o n s ,  t h e  c rop  w a t e r  p r o d u c t i o n  
f u n c t i o n  a d v o c a t e d  h e r e  h a s  a f e w  u n i q u e  f e a t u r e s .  S i n c e  t h i s  g i v e s  
e x p l i c i t  c o n s i d e r a t i o n  t o  t i m e  o f  i r r i g a t i o n ,  i t  f a l l s  i n t o  t h e  g r o u p  o f  
d a t e d  w a t e r  p r o d u c t i o n  f u n c t i o n s .  I t  can  be r e g a r d e d  as  a s p e c i a l  c a s e  o f  
t h e s e ,  w h e r e  t h e  o v e r a l l  a l l o c a t i o n s  t o  v a r i o u s  s t a g e s  o f  t h e  c r o p  a r e  
e f f i c i e n t .  U n l i k e  d a t e d  p r o d u c t i o n  f u n c t i o n s ,  t h i s  d o e s  n o t  h a v e  t h e  
p r o v i s i o n  f o r  g e n e r a t i n g  r e s p o n s e  f u n c t i o n s  f o r  t h e  d i f f e r e n t  s t a g e s  o f  t h e  
c r o p  t r e a t i n g  w a t e r  q u a n t i t i e s  a t  t h e s e  s t a g e s  a s  d i f f e r e n t  i n p u t s .  I n
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this respect, it departs from normal dated response functions. Besides 
this, it also departs from a response function with fixed or constant 
intraseasonal distribution of water which need not necessarily be 
efficient. On the other hand, in the function that is presented, 
irrigations of the various stages of the crop are not distinguished, rather 
they are aggregated as a single input. It is, therefore, appropriate to 
treat it as an aggregate short-run production function. The distinctive 
feature of this function is that the water quantities have been distributed 
efficiently within the season.
Another important feature of this response function is that it takes 
into account daily rainfall and evapotranspiration for irrigation 
decisions. This provides scope for deriving response functions not only 
for different seasons but also for the same season over various years 
characterized by a changing history of weather conditions. Such desirable 
features are not found in usual estimated response functions such as the 
one estimated by Hopper (1965) which relates the final crop yield to the 
total amount of water allocated, regardless of its intrasea sona 1 
distribution.
5«4*5 Limitations of the response functions
Although the crop water response function satisfies the purpose of 
this study extremely well, some of its limitations originating from the 
particular methodology must be noted. The main concern is that such 
limitations will, in turn, be endemic in the derived demand function for 
water, thus affecting its reliability. A joint system simulation and 
optimization approach is acceptable as a sound basis for synthesizing such 
functions. The reliability of such functions, however, depends on the 
level of details incorporated and the assumptions made in the process. 
While the DP model of intraseasonal distribution also leads to errors, most
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of the drawbacks stem from the assumptions and approximations made at the 
outset, especially with respect to the crop irrigation system.
Obviously, there are numerous factors and a complex web of 
interrelations in the crop irrigation system. In practice, it is difficult 
to describe adequately the whole set of interrelationships. Failure to 
capture the various relations leads to inaccuracies. On the other hand, 
detailed attention is constrained by requirements of extensive and often 
hard to get data. Undertaking the task of procuring such data can be very 
costly in terms of time and resources. Certainly, it is beyond the scope 
of this study. Therefore, as a trade-off, only the most significant and 
summary relations are considered so as to capture the essential features. 
Another aspect that calls for caution stems from the fact that we are 
unable at this stage to verify the general validity of this response 
function based on actual experimental results.
In the model of the crop irrigation system, certain assumptions made 
in relation to the growth of rice are bound to be criticized as somewhat 
unrealistic. One of those is the discrete growth-no growth rule for the 
relationship between moisture stress and harvested yield. It is assumed 
that the crop does not grow or makes no contribution to yield when it is 
stressed. Otherwise, it is assumed to grow at its potential rate. These 
seem to hold approximately for grain corn (Dale and Shaw, 1965)* Flinn 
(1968) has argued that the above growth assumption is a reasonable 
approximation and that it can be used to characterize the influence of 
moisture stress on the performance of many other summer crops. Whether it 
would hold for rice grown under unpuddled conditions needs to be verified 
by field experiments. Moreover, the implication that it is the incidence 
of moisture stress alone, rather than its conjunction with the severity of 
stress, that affects crop yields would seem difficult to accept as a 
general hypothesis (Flinn, 1971).
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A n o t h e r  l i m i t a t i o n  a r i s e s  f r o m  t h e  c h o i c e  o f  t h e  ' f ' o r  c r o p  f a c t o r .  
V a lue s  o f  t h e  c ro p  f a c t o r  f o r  r i c e  a r e  chosen  and f i n e - t u n e d  from th e  range  
o f  f i g u r e s  p r o v i d e d  by F l i n n  ( 1 9 6 8 )  f o r  c e r e a l  c r o p s .  T h e r e f o r e ,  t h e  
r e s u l t s  b a s e d  on t h e  m o d e l  h a v e  t o  be t r e a t e d  w i t h  c a u t i o n  u n t i l  t h e s e  
f i g u r e s  a r e  r e p l a c e d  w i t h  a c t u a l  v a l u e s  o b t a i n e d  f o r  r i c e  u n d e r  t h e  
s p e c i f i c  s i t u a t i o n  i n  S r i  Lanka.  A s i m i l a r  d raw back  e x i s t s  i n  t h e  c a s e  o f  
s o i l  f a c t o r ,  f o r  wh ich  a c t u a l  l o c a l  v a l u e s  a r e  n o t  a v a i l a b l e  a t  p r e s e n t .
Two o t h e r  more f u n d a m e n t a l  a s s u m p t i o n s  l i m i t i n g  t h e  v a l i d i t y  o f  t h i s  
m o d e l  a s  w e l l  a s  t h o s e  o f  F l e m i n g  (1 9 6 4 ) ,  F l i n n  (1 968)  and  D u d l e y  (1 9 7 0 )  
a r e :  ( i )  t h a t  t h e  v a r i o u s  g r o w th  s t a g e s  a r e  i n d e p e n d e n t  and a d d i t i v e ;  and 
( i i )  t h a t  t h e  r e c o v e r y  o f  c r o p  i s  i n s t a n t a n e o u s  a f t e r  a m o i s t u r e  s t r e s s  
c o n d i t i o n  i s  r e l i e v e d .  T h e s e  a r e  r a t h e r  u n r e a l i s t i c .  N e v e r t h e l e s s ,  t h e  
p r e s e n t  model  i s  an im provem en t  o v e r  t h o s e  o f  F l i n n  and Dudley i n  the  l e v e l  
o f  a t t e n t i o n  g i v e n  to  t h e  e f f i c i e n t  i n t r a s e a s o n a l  d i s t r i b u t i o n .  F i r s t ,  i t  
a l l o w s  f o r  week ly  s t a g e s  i n  t h e  DP, w he re as  Dudley 's  model  c o n s i d e r e d  s i x  
f o r t n i g h t l y  s t a g e s  f o r  t h e  i r r i g a t i o n  s c h e d u l i n g  p r o b l e m  o f  c o r n .  
Second ly ,  t h e  w a t e r  s t a t e  v a r i a b l e  i s  d i v i d e d  i n t o  a v e ry  l a r g e  number o f  
f i n e r  d i s c r e t e  c l a s s e s  and i s  d e a l t  w i t h  d i r e c t l y .  I n  c o m p a r i s o n ,  Dudley 
d e f i n e d  t h i s  v a r i a b l e  t o  h a v e  o n l y  e i g h t  v a l u e s  on a p e r  a c r e  b a s i s .  I t  
mus t  be n o t e d ,  however ,  t h a t  t h e  p u r p o se  o f  t h e  DP model  was d i f f e r e n t  i n  
h i s  s t u d y .  B e c a u s e  o f  t h e  h i g h e r  l e v e l  o f  a c c u r a c y  n e e d e d  i n  t h e  
o p t i m i z a t i o n  c o n s i d e r e d  i n  t h i s  s t u d y ,  t h e  d im e n s io n  o f  t h e  p rob lem  t u r n s  
ou t  to  be much l a r g e r  t h a n  t h a t  o f  Dud ley ' s .
When c o m p a r e d  w i t h  t h e  c r o p  i r r i g a t i o n  s i m u l a t i o n  s y s t e m ,  t h e  
d r a w b a c k s  r e s u l t i n g  f r o m  DPs a r e  o n l y  m a r g i n a l .  D i s c r e t i z a t i o n  o f  
v a r i a b l e s  r e s u l t s  i n  ro u n d in g  e r r o r s  i n  t h e  c o m p u t a t i o n .  Such e r r o r s  a r e  
m i n i m i z e d  a s  f a r  a s  p o s s i b l e  by d i v i d i n g  t h e  s t a t e  v a r i a b l e s  i n t o  s m a l l  
c l a s s e s  and by b r e a k i n g  down t h e  p rob lem  i n t o  a r e l a t i v e l y  l a r g e  number o f
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stages of short length. On the other hand, given the stochastic nature of 
the demand over years due to climatic, especially rainfall, variability, it 
might be argued that a stochastic DP rather than a discrete one should be 
adopted, taking into account the sample years as a whole. Optimization 
through stochastic DP would provide a stochastic crop water production 
function and hence a single stochastic derived function for water for each 
of the two seasons.
A major difficulty for such an endeavour stems from limitations of 
data. In the main, the available number of years of data are not large 
enough to define distributions for rainfall for incorporating in a 
stochastic DP optimization framework. Besides, this is likely to present 
insurmountable computational problems because of the large dimension of the 
DP. In any case, the primary concern of this study is to display and 
demonstrate the nature of water supply and demand in the Wet and in the Dry 
Seasons over various rainfall years. It is most appropriate, therefore, to 
adopt deterministic seasonal DPs for each of the years rather than a single 
stochastic DP for either season. This approach is demonstrated empirically
in the next chapter.
228
CHAPTER 6
INTERTEMPORAL ALLOCATION OF THE WATER RESOURCE: 
RESULTS AND DISCUSSION OF THE CASE STUDY DAM
Introduction
This chapter deals with the application of the methodology discussed 
and developed in the previous two chapters to the case study dam. It 
attempts to address the following issues empirically:
(i) the characterization, in terms of resource allocation and net 
social benefit, of the traditional system of production of rice 
and traditional-commonality allocation of the water resource;
(ii) the characterization of the net social oenefit function and the 
net social cost function pertinent for the allocation of the 
water resource for irrigation in the Wet Season;
(iii) the determination of the efficient allocation of the water stock 
between the Wet and the Dry seasons, and the associated use tax 
rate or price for water that would sustain such an allocation;
(iv) the variability in the interseasonal allocation of water, its 
price and the net social benefit under the efficient allocation 
scheme over twenty three consecutive years.
The hydraulic characteristics of the community dams and their 
institutional and socio-economic features in relation to the allocation of 
the yearly accumulation of water have been discussed earlier in Chapter 1 
and 2. An empirical water storage model for Walagambahuwa dam, the case 
under consideration in this study, has been presented in Chapter 4» The 
present chapter draws on this information and that discussed in Chapter 5
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for the resolution of the issues listed above. Illustrations with respect 
to these issues make use of detailed results derived for the situation 
depicted by the years 1976/77, which is treated as the case year. For the 
other years, the presentation is purposely restricted to relevant 
summaries. These are used to highlight the generality and robustness of 
the findings and also to define the bounds of variations.
The chapter is divided into six sections. The first two are 
concerned with the traditional system of water allocation and associated 
social benefits. Section 6.1 discusses the simulation of the old 
technology of production of rice together with the traditional scheme of 
water allocation circumscribed by the problem of commonality. In Section 
6.2, the results of the simulation of rice production under the old 
technology are discussed. It also accommodates the allocation of water for 
in-situ purposes and incorporates the institutional aspects pertaining to 
the choice of area of planting of rice, thus characterizing the traditional 
system of production and water use. Results pertaining to a variant of 
this system, where such institutional constraints are absent, is also 
presented. This facilitates meaningful comparisons of net social benefit 
and resource allocation to be made subsequently.
The features of the Simulation-Dyamic Programming results of efficient 
allocation of water for the new technology of rice production are discussed 
in Section 6.3* This also highlights the behaviour of the interseasonal 
and the intraseasonal allocation of water under different degrees of 
conservation in the Wet Season. Based on these results, the nature and the 
derivation of water-rice response functions are illustrated in Section 6.4* 
This constitutes the basis for the Marginal Social Benefit and the Marginal 
Social Cost Functions derived and discussed in the subsequent section. 
Also, this section demonstrates the determination of the efficient 
interseasonal allocation of water and the equilibrium price or use tax
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rate. The overall results are summarized in the final section.
6.1 Rice Production under Old Technology and Traditional Irrigation
The traditional system of production of rice and its irrigation from 
the common property source have been in coexistence in small dams for 
centuries. Popular efforts to increase net social benefit from the water 
resource are directed towards promoting the adoption of improved agronomic 
practices. Resolution of common property inefficiencies in the extraction 
of the water resource constitutes another, hitherto untapped, source of 
extra benefit. The relative importance to the community of these two 
sources of additional benefit is an empirical issue. Moreover, the 
isolation of the net benefit accruing to the efficient allocation is 
dependent on the determination of the allocation of water and net benefit 
under the old technology of production and under the traditional water 
allocation. This constitutes the benchmark against which first, the new 
technology of production is compared, and then the influence of the 
efficient allocation of water is evaluated.
The characterization of the traditional production system provided 
earlier has been only cursory. Notably, it is inadequate for the 
quantitative description of the latter by simulation. As a prerequisite, 
the agronomic and irrigation practices are defined next.
6.1.1 Main features of irrigation and rice poduction
In a broad sense, the agronomic practices of rice embrace irrigation 
as well and, moreover, many of the agronomic practices are determined by 
the time of irrigation. However, for our purposes it would suffice to 
direct attention only to the following aspects which distinguish the old 
technology from the new one. They are:
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( i )  t h e  c h a r a c t e r i s t i c s  and y i e l d  p o t e n t i a l s  o f  t h e  v a r i e t i e s  o f  r i c e  
i n  u s e ;
( i i )  t h e  c r o p p i n g  c a l e n d a r ;
( i i i )  t h e  l e v e l  and i n t e n s i t y  o f  a p p l i c a t i o n  o f  i r r i g a t i o n  w a t e r ;  and
( i v )  t h e  l e v e l  o f  a p p l i c a t i o n  o f  y i e l d - i n c r e a s i n g  i n p u t s .
The f i r s t  t h r e e  a s p e c t s  a r e  o u t l i n e d  i n  T a b l e  6 .1 .  The t a b l e  a l s o  
p r o v i d e s  a c o m p a r i s o n  o f  t h e  two t e c h n o l o g i e s  i n  t e r m s  o f  t h e  age c l a s s  o f  
r i c e  i n  u s e ,  t h e  c r o p p i n g  c a l e n d a r ,  and  so on.  I t  m u s t  be n o t e d  t h a t  f o r  
t h e  i m p r o v e d  t e c h n o l o g y  t h e  c h o i c e  o f  t h e  a g e  c l a s s  and  t h e  c r o p p i n g  
c a l e n d a r  a r e  b a s e d  on r e s e a r c h  f i n d i n g s .  Two o f  t h e s e  f i n d i n g s  a r e  
n o t e w o r t h y .
P a n a b o k k e  and W alg am a  ( 1 9 7 4 ) ,  m a t c h i n g  t h e  c r o p  w a t e r  n e e d s  and  t h e  
r a i n f a l l  d i s t r i b u t i o n ,  showed t h a t  t h e  r i c e  v a r i e t i e s  b e l o n g i n g  to  t h e  3 - 3 |  
months age c l a s s  a r e  most  s u i t e d  to  t h e  Wet Season.  They a l s o  p o i n t e d  out  
t h a t  e a r l y  O c t o b e r  i s  t h e  o p t i m a l  t i m e  o f  p l a n t i n g  f o r  t h e  Wet S e a s o n  i n  
t h e  DL1 a g r o e c o l o g i c a l  r e g i o n .  M ä h e n d r a r a j a h  (1 9 8 1 )  s h o w e d  t h a t  i t  i s  
o p t i m a l  to  p l a n t  t h e  Dry Season r i c e  on t h e  t h i r d  week o f  F e b r u a r y  from t h e  
p o i n t  o f  v iew  of  o p t i m i z a t i o n  o f  t h e  w a t e r  r e s o u r c e s  o f  s m a l l  dams.
C l e a r l y ,  t h e  i r r i g a t i o n  s e a s o n  i s  d e f i n e d  by t h e  c r o p p i n g  c a l e n d a r .  
The f r e q u e n c y  o f  i r r i g a t i o n  o f  t h e  s y s t e m  d e p e n d s  upon  t h e  i n t e n s i t y  and 
t h e  d i s t r i b u t i o n  o f  r a i n f a l l  d u r i n g  t h e  r e s p e c t i v e  i r r i g a t i o n  s e a s o n s  o f  
t h e  s y s t e m .  I n  t h e  t r a d i t i o n a l  s c h e m e ,  t h e  f r e q u e n c y  and l e v e l  o f  
a p p l i c a t i o n  o f  w a t e r  i s  s u c h  t h a t  t h e  m o i s t u r e  l e v e l  o f  t h e  r i c e - s o i l  i s  
f i r s t  r a i s e d  to  s a t u r a t i o n  by i n u n d a t i o n  and t h e n  m a i n t a i n e d  t h r o u g h o u t  the  
p e r i o d  a t  t h a t  l e v e l .  The f e a t u r e s  o f  t h e  t r a d i t i o n a l  s y s te m  w i t h  r e s p e c t  
t o  t h e  c r o p p i n g  c a l e n d a r ,  t h e  y i e l d  p o t e n t i a l  o f  t h e  v a r i e t i e s  and t h e  
p a t t e r n  o f  i r r i g a t i o n  e n t e r  d i r e c t l y  i n t o  t h e  s i m u l a t i o n  model  o f  t h e  o ld  
t e c h n o l o g y  o f  r i c e  p r o d u c t i o n  u n d e r  i r r i g a t i o n .  Th is  i s  i n t r o d u c e d  ne x t .
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TABLE 6.1
IMPORTANT FEATURES OF IRRIGATION AND AGRONOMIC PRACTICES UNDER
THE TRADITIONAL AND IMPROVED SYSTEMS OF PRODUCTION
Features Traditional Proposed/
Improved
WET SEASON/FIRST SEASON
Crop: Cropping Season Late November to mid-October to
early April late January
Variety Traditional New improved
of 4 - 5 months high yielding 
5 - 5 4" month 
age class
age class
Predominant varieties H4, Hathili 
Karuppan
BG 34-8
Date of sowing/planting December 2 October 14
Date of harvesting April 1 January 21
Irrigation:
Date of first irrigation November 25 October 14
Date of irrigation 16 weeks 13 weeks
season
Last date of the March 24 January 12
irrigation season 
DRY SEASON/SECOND SEASON
Crop: Cropping season April to August February to May
Variety Traditional 3 month New improved
age class high yielding 3 
-  3 2 ftonth age 
class
Predominant variety Pachaiperumal (PP) BG 34-8, BG 34-
Date of sowing April 28 February 17
Date of harvesting August 6 May 27
Irrigation:
Date of first irrigation April 21 February 10
Duration of irrigation 15 weeks 13 weeks
season
Date of last irrigation July 27 May 18
Required water level in the 
dam at the end of the
Irrigation Season 5 - 6  acre-feet 10 acre-feet
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6.1.2 Simulation of the system.
The computer simulation of the old technology of production of rice 
makes use of the core of the basic Simulation Model of irrigation and plant 
growth expounded in the previous chapter. The features of this model are 
not repeated here. However, it is useful to recapitulate some of the 
elements relevant to our purposes here. The program is structured so as to 
provide the gross value of output of rice and the associated application of 
water over the growing season of the crop. It can be implemented for a 
chosen irrigation policy, which is defined in terms of terminal soil 
moisture (TSM). It may be recalled that this is the level to which the 
soil moisture is allowed to recede before being restored to saturation by 
an irrigation. The model also accounts for the contributions to soil 
moisture made by the incident rainfall throughout the growing season of the 
crop. Clearly, each TSM or irrigation policy is associated with a sequence 
of irrigations. It is possible to implement different irrigation policies 
at different stages of growth of the rice crop.
The basic simulation model is adapted first to represent the rice 
production of the Wet Season. In this process, a range of information is 
incorporated. Some of this information included is independent of 
irrigation policies and hence is predetermined. Predetermined parameters 
are largely agronomic in character, such as, for example, cropping 
calendar, yield potential of the variety and the values of loss of crop due 
to stress at various stages of growth of rice. The actual values of crop- 
losses used in the model are provided in Table 6.2. The second group of 
aspects represents decisions which are of a dynamic character and made 
conditional on exogenous events. With the exception of the irrigation 
season, all the irrigation decisions fall into this category. For example, 
the decision on the quantity of irrigation at any particular time is made 
conditional on the incident rainfall. These modifications and adaptations
234
TABLE 6.2
VALUE OF STRESS FREE DAYS IN VARIOUS STAGES OF GROWTH 
TOWARDS THE FINAL YIELD OF TRADITIONAL VARIETIES OF RICE
Phase/
Stage
Relative
Yield
Reduction
Points
Derived
Yield
Wet Season \4-4 “month var
Dry Season 
3-3 y month var
' U-LvJil
due to 
stress 
(percent)
No of 
Days
Value of 
a stress- 
free day
No of 
Days
Value of 
a Stress- 
free day
Sowing to early 
vegetative phase
n.a. 6 14 0.32 14 0.19
Early vegetative 
phase to maximum 
tillering
18 37 36 0.78 20 0.82
Maximum tillering 
to heading
12 25 40 0.46 35 0.32
Heading to 
maturity
15 31 30
(8)
1.04 30
(9)
0.65
Notes:
(a) Relative yield reductions due to stress have been deduced from 
the results reported by Datta et al (1973) from field 
experiments on the effects of imposing of soil moisture stress 
at different stages of growth of rice.
(b) n.a. indicates that the information is not available explicitly 
from the experiments reported by Datta et al (1973)»
(c) The maximum yield potentials of the traditional rice varities, 
given the level of use of other inputs, are taken as 2.5 and 1 .5 
tons per hectare for the Wet Season and the Dry Season 
respectively. The market price of rice is taken as Rs 3000/- 
per tonne.
(d) Figures in parentheses in the last row of the Table refer to the 
number of days during which the grains mature after attaining 
the feasible physiological yield at the end of the irrigation 
season.
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to the basic simulation model provide for the Wet Season an irrigation-rice 
production model sufficiently realistic to simulate the effects of 
traditional irrigation policy. Similar adaptations are made independently 
to obtain a simulation model for the Dry Season. In the final step of the 
construction of the model of the traditional system, the simulation model 
of the Dry Season is appended to that of the Wet Season interposing a turn­
around period of five weeks.
The complete simulation model of the traditional system of rice 
production is linked to the water storage model. The link is made via 
irrigations which, in turn, involve corresponding releases of water from 
the dam. Each of the irrigations can be translated into a corresponding 
withdrawal by deflating with the coefficient of irrigation .efficiency (see 
sub-section 5*3*3)* This provides a means of updating the inventory of 
storage in the dam concomitant with any irrigation policy, throughout the 
period.
Operationally, the traditional irrigation is simulated by implementing 
a 100 per cent TSM policy throughout the irrigation seasons of the two 
crops. The model also has a provision for setting the area of rice under 
irrigation at the beginning of either season. This provision facilitates 
the determination of the optimal area of rice iteratively such that the 
available water storage is just exhausted.
6.1.3 Elements of cost of production of rice
The cost of production figures tend to reflect to a large extent the 
relative levels of application of cash inputs such as fertilizer and 
chemicals for weed and pest control. The level of use of these inputs, in 
turn, determine the potential maximum yield that could be achieved with a 
given variety of rice provided that the other conditions such as, for 
example, irrigation, are maintained at most desirable levels. On the other
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hand, certain varieties of rice can absorb and respond to higher levels of 
yield increasing inputs, such as chemical fertilizers, than other 
varieties. Traditional varieties, in general, do not respond or respond 
poorly to high levels of application of fertilizers.
It is undisputed that the level of application of cash-inputs is much 
lower in the traditional system of production than in the improved systems. 
Estimates of costs of production of rice in the two seasons are provided in 
Table 6.3 along with those of the improved system. It may be noted that 
the cost of production of rice in the Wet Season under the traditional 
practices is 78 per cent of that of the improved system. The corresponding 
figure for the Dry Season is only 40 per cent. No attempt has been made 
here to incorporate explicitly the agronomic practices in relation to the 
times and quantities of application of inputs such as fertilizer and also 
their interaction. For our purposes, it is sufficient to take the related 
aspects as given and to capture their effects via tne yield potential.
6.1.4 Some implications
The simulation model of the traditional scheme is appealing in that it 
is simple in structure. The traditional scheme of irrigation is simulated 
by implementing the simulation model for a TSM of 100 per cent. This means 
that an irrigation will be effected as soon as the moisture level falls 
below saturation. Since the model allows for irrigation decisions to be 
made daily, it would result in more frequent irrigations than that found in 
practice. To the extent that our interest is in the total quantity of 
irrigation, this is not a serious limitation, provided that the moisture 
level in the root zone is maintained at saturation at all times throughout 
the respective irrigation seasons.
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TABLE 6.3
THE COSTS OF PRODUCTION OF RICE UNDER THE OLD 
AND THE IMPROVED TECHNOLOGIES IN THE STUDY AREA
Old Improved
Technology Technology
Item --------------  ------------
Wet
Season
Dry
Season
Wet
Season
Dry
Season
Labour (in man days) 160 n.e. 173 173
Cost of labour at the
current wage rate: Rs 20
3,200 n. e. 3,458 3,458
Cost of buffalo power 
and tractor power
865 n. e. 2,235 1 ,235
Cost of material inputs 752 n. e. 1 ,482 1 ,482
TOTAL COST PER HECTARE 
(in Rupees)
4,817 2,470 6,175 6,175
Notes:
(a) The above figures are estimates made in current prices based on 
actual information on the structure of cost of rice growers 
provided by a number of sources, especially Izumi and Ranatunge 
(1973) and Mahendrarajah (1978). The figures reported in the 
former are in relation to the District generally, while those of 
the latter relate specifically to the dam site when the proposed 
system of rice-growing was under experimentation.
(b) The cost of production of rice in the Dry Season under the old 
technology is lower than that of the Net Season mainly because 
of the very low level of input and power use. Due to the lack 
of actual relevant information, the present figure for the Dry 
Season is adapted from the cost of production in Hambantota, a 
backward area, reported in Izumi and Ranatunge (1973), after 
making allowance for inflation. The components of the total 
cost are not estimated (n.e.) explicitly.
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In practice, the moisture in the root zone is first raised to 
saturation by a generous application of water and then maintained at that 
level by providing similar irrigations a number of times. The quantity of 
water delivered to the crop on each occasion is usually in excess of that 
required to restore the soil to saturation, so that there is most of the 
time standing water of a few centimetres deep in the rice land. As a rule, 
whenever the standing water disappears, an irrigation is applied. Thus, in 
effect, the irrigation decisions are to a large extent independent of the 
degree of soil moisture. Rather the time and quantity of application of an 
irrigation are decided on the basis of whether there is standing water in 
the rice land or not. Nevertheless, the resulting physiological yield of 
rice cannot be larger than that obtained via applications of quantities of 
water just sufficient to keep the root zone saturated. In other words, 
applications of irrigations to ensure a TSM of 100 per cent would give the 
same yield level as the actual traditional practice. Therefore it may be 
surmised that irrigations in the traditional practice are wasteful.
It must, however, be noted that standing water in the field could 
serve other roles such as, for example, weed control. In the latter role, 
standing water substitutes for other methods available for checking damage 
from pests and weeds and saves resources that would have to be expended 
otherwise. We abstract from these effects of standing water and assume 
here that the value of its contribution towards weed and pest control is 
negligible. Thus, applications of irrigation in excess of that required to 
maintain the soil moisture at saturation is wasteful. However, there is no 
consistent and accurate basis for stating the degree to which it is 
excessive at each delivery to the rice land. This makes it more difficult 
to incorporate this aspect of waste into formal models. We have made no 
attempt to do so. This drawback of not accounting for the magnitude of
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waste of water would have the following effects on the results obtained 
from the Simulation model:
(i) it would lead to a larger area of rice under irrigation than 
could have been possible under the actual traditional practice; 
and
(ii) it would lead to larger storage in the dam being left over at 
the end of the year, especially in very wet years where the full 
area of rice land could be irrigated in both seasons.
An important implication of the former is that the simulation would result 
in an overestimate of the benefits accruing from irrigation under the 
traditional system of irrigation. As we will see, this is not a serious 
limitation for our purposes.
This introduction is useful to appreciate the nature of the simulation 
results, to which we turn now.
6.2 Traditional Allocation of Water
In the traditional water allocation, the crop is regarded as having a 
unique water need and hence the quantity of water used per unit of rice 
land is a constant. Thus the area of rice under irrigation and the returns 
obtained are strictly proportional to the volume of water made available. 
The aim of the users of the dam each year is to maximize the area of land 
brought under irrigated rice subject to maintaining the water storage in 
the dam at a level sufficient to meet the in-situ public good purposes. 
Clearly, the pursuance of gains through larger areas of rice production is 
in conflict with the derivation of benefits of in-situ uses, especially 
during the drier parts of the year.
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6 .2 .1  Water  s t o r a g e  f o r  i n - s i t u  u s e s  and t h e  t r a d e - o f f  w i t h  t h e  
a r e a  o f  i r r i g a t i o n
The i n - s i t u  u s e s  o f  t h e  dam such  a s  wash ing  a r e  e s s e n t i a l  i n  c h a r a c t e r  
and t h e  b e n e f i t s  f rom such  p u b l i c  good u s e s  do n o t  i n c r e a s e  s i g n i f i c a n t l y  
w i t h  t h e  l e v e l  o f  s t o r a g e .  On t h e  o t h e r  hand,  t h e r e  i s  a minimum s t o r a g e  
b e l o w  w h i c h  t h e s e  u s e s  a r e  i m p a i r e d  and  v e r y  l a r g e  c o s t s  a r e  i n f l i c t e d .  
The e l e m e n t s  o f  such c o s t s  a r e  many and v a r i e d .  They i n c l u d e  t r a v e l l i n g ,  
i n c o n v e n i e n c e  and  d i r e c t  c o s t s  o f  f i n d i n g  s u b s t i t u t e  s o u r c e s  e l s e w h e r e .  
The t h r e s h o l d  b e l o w  w h i c h  s u c h  c o s t s  a r e  i m p o s e d  on u s e r s  i s  r e f e r r e d  t o  
h e r e  a s  t h e  A b s o l u t e  Minimum R e q u i r e m e n t  (AMR). A c c o r d i n g  t o  p r e v i o u s  
p e r s o n a l  i n t e r v i e w s  w i t h  t h e  u s e r s ,  t h e  AMR i s  4 a c r e - f e e t  a p p r o x i m a t e l y .  
Because  o f  t h e  n a t u r e  o f  t h e  b e h a v i o u r  o f  s t o r a g e ,  t h e  p o s s i b i l i t y  o f  t h e  
s t o r a g e  f a l l i n g  below t h e  AMR l i e s  o n ly  t o w a r d s  t h e  end o f  t h e  Dry Season.  
I n  o t h e r  w o r d s ,  i f  t h e  AMR i s  e n s u r e d  a t  t h e  end  o f  t h e  Dry S e a s o n  
s u f f i c i e n t  s t o r a g e  f o r  i n - s i t u  u s e s  i s  a s s u r e d  d u r i n g  th e  r e s t  o f  t h e  y e a r .
C l e a r l y ,  t h e  a r e a  o f  r i c e  l a n d  b r o u g h t  u n d e r  i r r i g a t i o n  and  t h e  
r e s i d u a l  s t o r a g e  i n  t h e  dam i n  t h a t  y e a r  move i n  o p p o s i t e  d i r e c t i o n s .  I n  
p r a c t i c e ,  t h e  AMR can be e n s u re d  o n l y  by r e s t r i c t i n g  i r r i g a t i o n  i n  t h e  Dry 
S e a s o n  t o  o n l y  a s e g m e n t  o f  t h e  b l o c k  o f  l a n d .  The s i z e  o f  t h e  s e g m e n t  
cou ld  v a r y  from y e a r  to  y e a r .  The r e l a t i o n s h i p  b e tw e e n  t h e  a r e a  o f  r i c e  i n  
t h e  Dry S e a s o n  and  t h e  r e s i d u a l  s t o r a g e  a t  t h e  l a s t  week  o f  J u l y  f o r  t h e  
y e a r  1 9 7 6 / 7 7  i s  sh o w n  i n  F i g u r e  6 .1 .  T h i s  s h o w s  t h a t  t h e  o p t i m a l  a r e a  o f  
r i c e  l and  f o r  i r r i g a t i o n  i s  1 h e c t a r e  a p p r o x i m a t e l y .  T h i s  c o r r e s p o n d s  to  a 
r e s i d u a l  s t o r a g e  o f  s l i g h t l y  o v e r  5 a c r e  f e e t  w h i c h  i s  e q u i v a l e n t  t o  t h e  
AMR i n  t h e  l a s t  week o f  August ,  t h e  end o f  the  a g r i c u l t u r a l  y e a r .  S i m i l a r  
t r a d e - o f f  f u n c t i o n s  can  be d e r i v e d  e x p l i c i t l y  f o r  v a r i o u s  y e a r s  f o r  use  i n  
t h e  d e t e r m i n a t i o n  o f  t h e  o p t i m a l  a r e a  o f  r i c e  l a n d  f o r  t h e  Dry S e a s o n .  
A l t e r n a t i v e l y ,  i t  i s  p o s s i b l e  to  d e t e r m i n e  t h e  o p t i m a l  a r e a  i t e r a t i v e l y  by 
r e p e a t i n g  t h e  s i m u l a t i o n  e x e r c i s e  a n u m b e r  o f  t i m e s ,  v a r y i n g  t h e  a r e a  
s y s t e m a t i c a l l y .  Th i s  a p p ro a c h  i s  a d o p te d  i n  t h i s  s tudy .
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Figure 6.1
AREA UNDER IRRIGATION IN THE DRY SEASON 
AND RESIDUAL STORAGE AT THE END 
OF THE SEASON, 1976/77.
Water 
Leve 1
(Ac-ft)
Area of rice (Hectares)
2 4 2
TABLE 6 .4
DISTRIBUTION OF WATER FOR THE PRODUCTION OF RICE AND THE RESIDUAL 
STORAGE IN THE DAM UNDER THE TRADITIONAL SCHEME AT VARIOUS TIMES OF 
THE YEAR: A SUMMARY OF THE SIMULATION RESULTS FOR 1976/77
i n  a c r e - r e e t  p er h e c ta re
WET SEASON 
( Area = 12.15 ha)
Week Water R esidual
No R elease S torage
'BJRN-AROUND PERIOD
Week Water R esidual
No R elease S torage
ERY SEASON 
(Area = 1j01 ha)
Week W ater R esidual
No R elease S torage
1 0 .50 98.7 17 0 .0 19-5 22 0.09 15.8
2 0 .18 95.4 18 0 .0 18.3 23 0.C4 14.7
3 1.85 95.6 19 0 .0 17.2 24 0.17 14.2
4 0 .88 88.6 20 0 .0 16.5 25 0.26 13.4
5 2.96 101.8 21 0.12 16.9 26 0.31 12.3
6 1.86 92.6 27 0.29 11.2
7 2.81 85.3 23 0.36 10.5
8 2.39 77.4 29 0.37 9 .4
9 3.S4 70.6 30 0.45 8 .6
10 4.52 62.3 31 0.51 7 .6
11 4.52 54.1 32 0.52 6 .7
12 3 .23 46.5 33 0.42 5 .8
13 4.C3 40.7 34 0.34 5 .2
14 1.83 34.2
15 3.59 30.5
16 4.01 25-1
T o ta l 43.20 4.13
N o t e s :
( a )  The r e l e a s e  o f  w a t e r  r e f e r s  to  t h e  e x - s l u i c e  a p p l i c a t i o n  t o  t h e  
r i c e  l a n d  an d  t h u s  i n c l u d e s  c o n v e y a n c e  l o s s e s  w i t h i n  t h e  f i e l d  
a s  w e l l  a s  t h e  a m o u n t d i r e c t l y  u s e d  by  t h e  c r o p .
( b )  W e e k s  No 1 a n d  No 3 4  r e p r e s e n t  t h e  f i r s t  w e e k  o f  D e c e m b e r  a n d  
t h e  l a s t  w eek o f  J u l y  o f  t h e  s u c c e e d i n g  y e a r  r e s p e c t i v e l y .
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6.2.2 Crop a r e a  and w a t e r - a l l o c a t i o n
An e x a m p l e  o f  t h e  r e s u l t s  o b t a i n e d  on c o m p l e t i o n  o f  a s i m u l a t i o n  
o p e r a t i o n  o f  t h e  t r a d i t i o n a l  s c h e m e  i s  p r e s e n t e d  i n  T a b l e  6.4* T h i s  
p r o v i d e s  a w e e k l y  s u m m a r y  o f  w i t h d r a w a l s  o f  w a t e r  f r o m  t h e  dam f o r  
i r r i g a t i o n  and  r e l a t e d  r e s u l t s  f o r  t h e  y e a r  1976 / 77*  I t  r e l a t e s  t o  a 
s p e c i f i c  s i t u a t i o n  w i t h  r e s p e c t  t o  t h e  a r e a s  o f  r i c e  u n d e r  i r r i g a t i o n  i n  
t h e  two s e a s o n s .  The a r e a s  o f  r i c e  u n d e r  i r r i g a t i o n  i n  t h e  Wet Seas on  and 
i n  t h e  Dry  S e a s o n  a r e  12.15 ha  a nd  1.01 ha  r e s p e c t i v e l y .  The f o r m e r  
r e p r e s e n t s  t h e  e n t i r e  Pu r a na  r i c e  l and .  These a r e  found i t e r a t i v e l y  t o  be 
o p t i m a l ,  w h e r e  t h e  w a t e r  l e v e l  i n  t h e  dam i n  t h e  l a s t  week  o f  J u l y  i s  5*2 
a c r e  f e e t .  A s t o r a g e  o f  5*2 a c r e  f e e t  would r e c e d e  p h y s i c a l l y  by t h e  l a s t  
week  o f  A u g u s t  t o  a l e v e l  j u s t  a b o v e  4 a c r e  f e e t  w h i c h  i s  t h e  a b s o l u t e  
minimum r e q u i r e m e n t  f o r  i n - s i t u  p u r p o s e s .  An e x a m i n a t i o n  o f  t h e  r e s i d u a l  
s t o r a g e  f i g u r e s  i n  t he  v a r i o u s  weeks o f  t he  two i r r i g a t i o n  s e a s o n s  and t h e  
t u r n - a r o u n d  p e r i o d  r e v e a l s  t h a t  t h e y  a r e  above t h i s  minimum r e q u i r e m e n t .
Water  r e l e a s e d  f o r  i r r i g a t i o n ,  on t he  o t h e r  hand,  v a r i e s  f rom week to  
week  i n  e i t h e r  s e a s o n .  I t  r a n g e s  f r o m  0 . 13  t o  4*52 a c r e  f e e t  d u r i n g  t h e  
Wet  S e a s o n .  The r a n g e  f o r  t h e  Dry S e a s o n  i s  f r o m  a s  l ow a s  0 . 04  t o  0 . 5 2  
a c r e  f e e t .  The t o t a l  w i t h d r a w a l  o f  w a t e r  f rom t h e  dam f o r  t h e  r i c e  c r o p  i n  
t h e  Wet Season  i s  much h i g h e r  t h a n  t h a n  t h a t  f o r  t h e  Dry Season.  However ,  
p e r  u n i t  o f  l a n d  ( o r  w a t e r  d u t y )  u n d e r  i r r i g a t i o n ,  t h e  r e s u l t  i s  j u s t  t h e  
o p p o s i t e ,  c o n f o r m i n g  to a p r i o r i  e x p e c t a t i o n s .  The volume o f  w a t e r  u s e  p e r  
h e c t a r e  o f  l a n d  u n d e r  i r r i g a t i o n  w o r k s  o u t  t o  4*10 a c r e  f e e t  ( o r  5*06 
m e g a l i t r e s )  f o r  t he  s h o r t  m a t u r i n g  Dry Season  r i c e  wher eas  i t  i s  o n l y  5*55 
a c r e  f e e t  ( o r  4«38 m e g a l i t r e s )  f o r  r i c e  i n  t h e  Wet  S e a s o n .  S u c h  a w a t e r  
d u t y  f o r  t h e  p r o d u c t i o n  o f  r i c e  i n  s m a l l  dam b a s e d  s c h e m e s  i s  n o t  
u n r e a l i s t i c  when compared w i t h  f i g u r e s  q u o t e d  by i r r i g a t i o n  a g r o n o m i s t s .  
W h i l e  s o u r c e s  h a v e  d i f f e r e d  m a r k e d l y ,  M u r a k a m i  and  V i g n a r a j a h  ( 1 9 6 7 )
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r e p o r t e d  a f i g u r e  o f  4«5 a c r e  f e e t  p e r  h e c t a r e  f o r  t h e  i r r i g a t i o n  w a t e r  
d u t y  f o r  r i c e  i n  t h e  Wet Season .  A l l e s  (1967) r e p o r t e d  f o r  t h e  Dry Season 
r i c e  an  i r r i g a t i o n  d u t y  o f  8 a c r e  f e e t  p e r  h e c t a r e .  I t  m u s t ,  h o w e v e r ,  be 
n o t e d  t h a t  t h e s e  f i g u r e s  r e l a t e  t o  r i c e  l a n d s  u n d e r  m a j o r  i r r i g a t i o n  
s c h e m e s .  C o m p a r a b l e  f i g u r e s  f o r  r i c e  l a n d  b e l o w  s m a l l  dams  a r e  n o t  
a v a i l a b l e .  The w a t e r  d u ty  e m e r g in g  from t h i s  s t u d y  i s  compared  w i t h  t h e  
above e s t i m a t e s  i n  Tab le  6.5*
6 . 2 . 3  I n s t i t u t i o n a l  c o n s t r a i n t s  and t h e  a l l o c a t i o n  o f  r e s o u r c e s
The a r e a  o f  r i c e  u n d e r  i r r i g a t i o n  i n  t h e  t r a d i t i o n a l  Wet  S e a s o n  
c u l t i v a t i o n  d o e s  n o t  v a r y  f r o m  y e a r  t o  y e a r .  I f  t h e r e  i s  a v a r i a t i o n  i n  
a n y  g i v e n  y e a r  f r o m  t h e  p r e v i o u s  y e a r s ,  i t  i s  o n l y  d i s c r e t e  f o r  r e a s o n s  
d i s c u s s e d  e a r l i e r  i n  C h a p t e r  2. To r e c a p i t u l a t e ,  t h e  c o l l e c t i v e  d e c i s i o n  
o f  u s e r s  w i t h  r e g a r d  t o  t h e  a r e a  o f  l a n d  f o r  i r r i g a t i o n  c o n c e r n s  o n l y  
w h e t h e r  o r  n o t  t h e  e n t i r e  P u r a n a  r i c e  l a n d  be i r r i g a t e d .  I t  d o e s  n o t  
u s u a l l y  s e ek  to  i r r i g a t e  a p o r t i o n  o f  t h e  l and .  S i m i l a r  c o n s i d e r a t i o n s  a r e  
a p p l i e d  to  Akkara r i c e  l a n d  once t h e  d e c i s i o n  to  c u l t i v a t e  t h e  Pu ra na  r i c e  
l a n d  h a s  b e e n  made .  On t h e  o t h e r  h a n d ,  i n  t h e  Dry S e a s o n  t h e  a r e a  u n d e r  
i r r i g a t i o n  v a r i e s  w id e ly .  T h i s  i s  l a r g e l y  b e c au s e  t h e  r e s i d u a l  s t o r a g e  i s  
low i n  c o m p a r i s o n  to  t h e  Wet Season  and t h e  d e c i s i o n s  h e r e  a l s o  i n v o l v e  t h e  
a d d i t i o n a l  c o n s i d e r a t i o n  o f  e n s u r i n g  s u f f i c i e n t  s t o r a g e  f o r  i n - s i t u  
p u r p o s e s .  Once t h e  o p t i m a l  a r e a  o f  t h e  Purana  l and  h a s  been  d e c i d e d  upon,  
i t s  c u l t i v a t i o n  i s  u n d e r t a k e n  u n d e r  t h e  sy s te m  o f  Bethma where each  u s e r  i s  
a l l o t t e d  h i s  s h a r e  i n  t h e  p o r t i o n  o f  t h e  r i c e  l a n d  c hosen  c o l l e c t i v e l y ,  f o r  
p r i v a t e  r i c e  p r o d u c t i o n .
The r e s u l t s  o f  a r e a  u n d e r  i r r i g a t i o n ,  t h e  amount  o f  w a t e r  w i t h d ra w n  
from th e  dam and t h e  a s s o c i a t e d  r e t u r n s  f o r  23 y e a r s  f rom 1960/61 e x t e n d i n g  
up to  1982/83 a r e  p r e s e n t e d  i n  Tab le  6.6. From t h e  T a b le  i t  i s  c l e a r  t h a t  
t h e  Akkara l and  i s  i r r i g a t e d  i n  o n ly  t h r e e  o f  t h e  23 Wet Seasons .  T h i s  i s
n o t  u n r e a l i s t i c  s i n c e  t h i s  c o m p o n e n t  o f  t h e  r i c e  l a n d  h a s  n o t  b e e n
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TABLE 6.5
ESTIMATES OF IRRIGATION DUTIES OF RICE IN THE DRY ZONE OF 
SRI LANKA UNDER TWO DIFFERENT ALLOCATION SCHEMES OF WATER
in acre-feet per hectare
Traditional Efficient
Allocation Allocation
Source
Wet Dry Overall Wet Dry Overall
Season Season Season Season
Present study 3.41 3.21 3.35 0.69 1.58 1 .06
(0.08) (0.07) (0.07) (0.46) (0.25) (0.20)
Murakami and 4.45 13.34 8.89
Vignarajah 
(1967)
Alles (1967) 1 .24 7.90 4.57
Notes:
(a) The estimates of the sources other than the present study refer 
specifically to major irrigation schemes and are also with 
respect to the varities of rice belonging to the 4 to 4-^r months 
age-group for both the Wet and the Dry Seasons.
(b) Figures reported in the present study are the means of the 
results of analysis of 23 years and the figures in parentheses 
represent the respective coefficients of variation.
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cultivated for over a decade. This was evident from an interview with the 
users conducted in early 1976. The area under irrigation in the Dry Season 
varies widely. The entire Purana rice land of 12.15 hectares was not 
brought under irrigation in any of the years examined. In fact, in 18 out 
of 23 years, the area has been one-third or less. This is consistent with 
the actual observations in small dams in this region.
On the other hand, the absence of variability in the area of rice in 
the Wet Seasons is due to institutional constraints. Thus the area of 
irrigation in the Wet Season is not necessarily efficient. In this 
respect, an interesting case is presented by a subset of 6 years, viz. 
1970/71, 1972/73, 1975/76, 1979/80, 1981/82 and 1982/83- They can be 
regarded as relatively dry years associated with low or erratic rainfall 
and water storage. Irrigating the entire Purana rice land in these years 
leads to difficulties. First, it results in depleting the storage in the 
dam to a level below the AMR. Second, the growth of the rice plant 
declines, especially towards the later stage of the crop, where water 
becomes unavailable for irrigation. The results show lower than maximum 
yield in four of the six years. The year 1970/71 is most affected. It 
is interesting to note that, in fact, crop failures due to drought were 
reported in the early seventies leading to a food crisis in 1973- Apart 
from the above crisis years, others appear to have had a successful 
traditional Wet Season rice crop. Obviously, the net incomes in these Wet 
Seasons are invariant.
The high variation of the area of rice land under irrigation in the 
dry season is reflected in the net return figures. They range from nil in 
two of the crisis years to Rs 23,317 in 1974/75- In comparison, the range 
of net returns for the Wet Season is from Rs 20,785 in crisis years to Rs 
62,352. The latter figure, of course, is with respect to the three years 
where the entire Akkara rice land is brought under irrigation. A useful
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index for purposes of comparison is the variability of the total annual net 
income under the traditional system. This varies from Rs 22,864 in 1972/73 
to Rs 69,588 in 1965/66, the mean and the coefficient of variation being Rs 
40,250 and 0.33 respectively. It must be noted that these returns are 
obtained by implementing the traditional irrigation policy using the water 
storage subject to ensuring that the level of water in the dam is above the 
AMR to satisfy in-situ public good purposes. Table 6.6 shows the levels of 
storage at three points in time in the drier part of the year. They 
include the end of the irrigation seasons of the Wet Season and that of the 
Dry Season in the last week of July. The storage in the last week of July 
is approximately 5 acre feet. This would ensure the absolute minimum 
requirement of 4 acre feet at the end of the agricultural year in late 
August.
6.2.4 Constraint-free allocation of resources and social benefits
The traditional practices of production and water use are also 
governed by the institutional rules of the village. One of these, as we 
recognized previously, stipulates the area of rice land planted in the Wet 
Season. As a general rule, it advocates that the entire Purana rice land 
be brought under irrigation, the exception being extremely wet years where 
irrigating the entire Akkara land is also permitted. In effect, this 
constraint narrows down the possibility of varying the area of land under 
rice production and precludes efficient allocations being made. Allocation 
en bloc of the Purana land or the entire rice land is not likely to be 
efficient in every year. In relatively wet years, it might be beneficial 
to plant a portion of the Akkara land in addition to the entire Purana 
rice land. On the other end of the spectrum, in particularly dry years, it 
would be desirable to irrigate only a fraction rather than the entire 
Purana land. Since the allocation of land is associated with a concomitant
water use, any suboptimality in the former is also reflected in the
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a l l o c a t i o n  o f  w a t e r .  I t  a l s o  ha s  i m p l i c a t i o n s  f o r  t h e  a l l o c a t i o n  o f  w a t e r  
a nd  l a n d  f o r  r i c e  p r o d u c t i o n  i n  t h e  Dry  S e a s o n .  Thus  t h e  r e l e v a n t  
s u b o p t i m a l i t y  i n  t h e  a l l o c a t i o n  o f  l an d  and w a t e r  unde r  t h e  i n s t i t u t i o n a l  
c o n s t r a i n t  i s  m a n i f e s t e d  i n  t h e i r  o v e r a l l  and i n t e r s e a s o n a l  a l l o c a t i o n .
A c o m p a r i s o n  o f  t h e  a l l o c a t i o n  o f  t h e s e  r e s o u r c e s  i n  t h e  p r e s e n c e  and 
i n  t h e  a b s e n c e  o f  t h i s  l a n d  a l l o c a t i o n  c o n s t r a i n t  i s  p r e s e n t e d  i n  T a b l e  
6 . 7 « F o r  i n s t a n c e ,  t h e  r e m o v a l  o f  t h i s  c o n s t r a i n t  i n  t h e  y e a r  1 9 7 6 / 7 7  
l e a d s  to an i n c r e a s e  i n  t h e  o v e r a l l  a l l o c a t i o n  o f  w a t e r  f rom 47*33 a c - f t  t o  
56 . 17  a c - f t .  The e n t i r e  56 . 17  a c - f t  i s  a l l o c a t e d  t o  t h e  Wet  S e a s o n ,  
w h e r e a s  o n l y  91*3 p e r  c e n t  o f  t h e  47*33 a c - f t  i s  a p p l i e d  f o r  t h e  s a me  
s e a s o n  when t h e  c o n s t r a i n t  i s  p r e s e n t .  The i n c r e a s e d  w a t e r  a l l o c a t i o n  i s  
a l s o  a s s o c i a t e d  w i t h  an  o v e r a l l  i n c r e a s e  i n  t h e  a l l o c a t i o n  o f  l a n d  f r o m  
13*16  t o  15*79  h e c t a r e s .  The e n t i r e  15*79  h e c t a r e s ,  made up o f  t h e  b l o c k  
o f  P u r a n a  l a n d  and  3*64 h e c t a r e s  o f  t h e  A k k a r a  l a n d ,  a r e  p l a n t e d  i n  t h e  
Wet  S e a s o n .  I n  c o n t r a s t ,  i n  t h e  p r e s e n c e  o f  t h e  c o n s t r a i n t ,  o n l y  P u r a n a  
l and  o f  12.15 h e c t a r e s  i s  p l a n t e d  i n  t h e  same s e a s o n ,  w h i l e  1.01 h e c t a r e  o f  
t h i s  i s  a l l o c a t e d  t o  t h e  Dry S e a s o n .  S i m i l a r  e f f e c t s  on r e s o u r c e  
a l l o c a t i o n  o f  t he  c o n s t r a i n t  i s  a l s o  e v i d e n t  i n  many o t h e r  y e a r s .
A p e r u s a l  o f  t h e  t a b l e  r e v e a l s  t h a t  t h e  o v e r a l l  a r e a  o f  c u l t i v a t i o n  
and t h e  a l l o c a t i o n  o f  w a t e r  do n o t  i n c r e a s e  u n a mb i g u o u s l y  on r e mo v a l  o f  t h e  
c o n s t r a i n t .  I n  some y e a r s ,  t h e  e f f e c t  w o u l d  be j u s t  t h e  o p p o s i t e .  I n  
f a c t ,  i t  p r o v e s  t o  be e f f i c i e n t  t o  r e d u c e  t h e  o v e r a l l  a l l o c a t i o n  o f  t h e  
r e s o u r c e s  i n  f i v e  o u t  o f  t w e n t y - t h r e e  y e a r s  e x a m i n e d  h e r e .  I t  m u s t  be  
n o t e d ,  h o w e v e r ,  t h a t  t h e y  a r e  r e l a t i v e l y  d r y  y e a r s  a l s o  a s s o c i a t e d  w i t h  
c o m p a r a t i v e l y  l o w e r  w a t e r  s t o r a g e .  Th i s  i s  p a r t i c u l a r l y  t r u e  i n  t h e  Wet 
S e a s o n ,  w h e r e  i t  p r o v e s  e f f i c i e n t  t o  i r r i g a t e  a p o r t i o n  i n s t e a d  o f  t h e  
e n t i r e  P u r a n a  r i c e  l a n d  i n  d r y  y e a r s .  W i t h  t h e  e x c e p t i o n  o f  t h e s e  y e a r s ,  
t h e  r e m o v a l  o f  t h e  c o n s t r a i n t  e i t h e r  i n c r e a s e s  t h e  o v e r a l l  a n n u a l
a l l o c a t i o n  o f  r e s o u r c e s  o r  l e a v e s  them unchanged.  I n  f a c t ,  t h e  a l l o c a t i o n
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is unchanged in five years. It can be inferred that in these years the 
efficient allocation of the resources is not impaired by the institutional 
constraints. Yet, as a whole, increases in the allocation of resources 
appears to be predominant. On an average, the overall allocation of water 
rises from 54*97 ac-ft to 59*84 ac-ft on removal of the constraint. The 
corresponding figures for the overall allocation of land are 16.61 hectares 
and 18.07 hectares respectively. However, there does not seem to be any 
bias in the interseasonal allocation of these increased resources. The 
proportion of land and water allocated to the wet season is not influenced 
significantly as a result of the removal of the constraint and continue to 
remain around 84 per cent approximately.
Conforming to our expectations, the overall increase in the allocation 
of the resources is associated with a rise in the net social benefit. 
Obviously, the magnitude of increase varies from year to year. The 
Wilcoxon test for paired observations, a statistical test, carried out to 
compare the net social benefits suggests that its increase on removal of
-Ithe constraint is highly significant. On an average the net benefit 
rises from Rs 58,281 to Rs 44,655, representing a 16.6 per cent increase in 
net social benefit as a result of the removal of the constraint.
The resource use and the benefit under the traditional water 
allocation scheme can be compared with those of the efficient scheme only 
in the absense of the above institutional constraint. Thus, the 
'hypothetical' constraint-free situation rather than the actual observed 
traditional situation constitutes a benchmark to evaluate the efficient 
intertemporal allocation of water discussed in the ensuing sections.
 ^ Wilcoxon test is a non-parametric test applied to make statistical 
comparision of paired observations (see Walpole, 1974, pp.214-18).
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6.3 Dynamic Programming Model of Efficient Allocation
The efficient intertemporal water-allocation policy derived in this 
study deviates markedly from the traditional allocation scheme. Two 
distinctive aspects of the difference are, viz.
(i) the process of allocation within each of the seasons involves an 
optimal sequence of irrigation policies, rather than a single 
policy as in the traditional allocation; and
(ii) the rice crops of the two seasons are considered simultaneously 
as competing users for the allocation of the limited water 
resources.
In contrast, it may be recalled that in the traditional system, the 
irrigation of the rice crop of the Dry Season is treated as secondary to 
that of the Wet Season.
The optimal sequence of irrigation policies within each season and the 
interseasonal distribution are determined by a Dynamic Programming (DP) 
procedure. The basic formulation of the DP procedure has been discussed in 
the previous chapter. The specific adaptations required for its operation 
are discussed next.
6.3*1 Definition and discretization of variables
It may be recalled that the DP model developed for this study has two 
state variables, viz., the level of soil moisture in the rice land and the 
level of water storage in the dam. The decision variable is the irrigation 
policy or, more specifically, the terminal soil moisture (TSM). The 
operation of the solution procedure of the discrete DP requires an 
appropriate discretization of the above state and decision variables, into
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classes. The discretization of the soil moisture level and TSM have been 
discussed in the previous chapter. It may be recalled that the classes of 
these variables have ten percentage points and that there are seven classes 
in each variable. The water storage variable is divided into classes of 
0.5 acre-feet in width, such as for example: <_0.25; 0.26 - 0.75; 0.76 - 
1 .0 and so on. Each class is denoted by its mid value. Thus the discrete 
water storage classes are 0, 0.5, 1.0, 1.5 and so on. There are 120 
storage classes in all.
The solution procedure implements two Dynamic Programmes, one for each 
of the seasons. The irrigation duration of both of the rice crops consists 
of 91 days. This is divided into 13 subperiods, each a week in length and 
constitutes a stage in the DP. Thus each of the DPs has 13 stages. 
Independently, the DP for the Wet Season's rice can allocate a given 
storage efficiently amongst its 13 stages. Similarly, an efficient 
intraseasonal allocation of the Dry Season rice can be accomplished 
independently. However, the main purpose of these DP programs is to 
explore the implications of various interseasonal allocations. This not 
only requires the joint operation of both DPs but also the development of 
some further operational facilities. The most important one helps to 
incorporate different levels of conservation of water in the Wet Season for 
application to rice in the Dry Season.
6.3«2 Conservation policy and intertemporal allocation
The ability to examine various interseasonal allocations of the water 
resource is dependent on explicit incorporation of water conservation 
policies in the Wet Season. Restraint in the withdrawal of water in the 
Wet Season is necessary to enhance the availability for allocation to rice 
in the Dry Season. It is also necessary to ensure the AMR storage in the 
dam during the drier part of the year. Conservation is a dynamic concept.
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It can be defined as a scheme whereby a predetermined amount of water is 
set aside consciously with a view of enhancing the future stock. 
Alternatively, in this study, conservation is conceptualized as a scheme 
where a ceiling is placed on the inflows into the dam each week. The 
excess over the ceiling represents the amount of conservation in the 
particular week. The ceiling can be set at different levels for different 
times of the season. It has been considered adequate to maintain the 
ceiling at a constant level throughout the Wet Season. Thus during the 
wetter weeks more water will be conserved than in relatively drier ones. 
The sum total of the conservations over all the weeks in the Wet Season 
constitutes the actual conservation. This can be varied by raising or 
lowering the ceiling, which offers a useful parameter for manoeuvring 
levels of conservation. This parameter is referred to as the Restricted 
Inflow Figure (RIF). A given RIF implies a level of conservation and is 
also associated with a certain amount of allocation to the Wet Season.
The entire amount of water conserved during the Wet Season is not 
available for allocation at the beginning of the Dry Season. This is so 
because it is also subjected to natural evaporative losses. A portion of 
the available storage needs to be set aside to ensure the AMR of water 
towards the end of the year. It is found that a storage of 10 acre-feet in 
late May, the time of harvesting of the Dry Season rice, would ensure the 
AMR during the rest of the year. Since the inflow into the dam during the 
Dry Season is limited, the required amount of water has to be diverted from 
that available for the Dry Season. The required conservation could vary 
from year to year and is referred to as the Forced Conservation Figure 
(FCF). Both the FCF and the RIF can be set at different levels and serve 
as useful instruments to vary the interseasonal allocations of the water 
storage.
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The f ram ew ork  o f  c o n s e r v a t i o n  and a l l o c a t i o n  o f  t h e  w a t e r  s t o r a g e  i s  
i l l u s t r a t e d  i n  F i g u r e  6 .2 .  I t  may be n o t e d  t h a t ,  f o r  c o m p u t a t i o n a l  
c o n v e n i e n c e ,  an  a r t i f i c i a l  dam h a s  b e e n  c r e a t e d .  T h i s  f a c i l i t a t e s  t h e  
d i v e r s i o n  o f  t h e  c o n s e r v a t i o n  d u r i n g  t h e  Wet Season  and a t  t h e  b e g i n n i n g  o f  
t h e  Dry Season.  I n  a d d i t i o n ,  t h i s  a p p ro a c h  r e s u l t s  i n  s a v i n g s  o f  c o m p u t in g  
c o r e  space .  Th is  i s  a s i g n i f i c a n t  a d v a n ta g e  f o r  a DP p r o c e d u r e  such  a s  t h e  
one u t i l i z e d  h e re .
6 .3 * 3  B a s ic  r e s u l t s  o f  t h e  dynamic p r o g r a m i n g - s i m u l a t i o n  p r o c e d u r e
As an  i l l u s t r a t i o n ,  t h e  b a s i c  r e s u l t s  o b t a i n e d  by o p e r a t i n g  t h e  
Dynamic P r o g r a m m i n g - S i m u l a t i o n  P r o c e d u r e  a r e  p r e s e n t e d  i n  Ta b le  6.8. T h i s  
r e f e r s  t o  t h e  s i t u a t i o n  d e p i c t e d  by  t h e  y e a r  1976 /77*  I t  a l s o  t a k e s  i n t o  
a c c o u n t  t h e  i r r i g a t i o n  o f  24*29 and  8 .1 0  h e c t a r e s  i n  t h e  Wet  and  Dry 
S easons  r e s p e c t i v e l y .  The i n t e r s e a s o n a l  a l l o c a t i o n s  c o r r e s p o n d  to  a RIF o f  
6 .5  a c - f t  and a FCF o f  31*0 a c r e  f e e t .
F o r  t h e  c h o s e n  i n t e r s e a s o n a l  a l l o c a t i o n ,  t h e  r e s u l t s  r e p r e s e n t  
e f f i c i e n t  i n t r a s e a s o n a l  a l l o c a t i o n s  i n  b o t h  s e a s o n s .  The s e q u e n c e  o f  TSM 
p o l i c i e s  f o r  a l l  t h e  s t a t e s  i n  t h e  Wet S e a s o n  r i c e  d e f i n e  t h e  e f f i c i e n t  
i n t r a s e a s o n a l  a l l o c a t i o n .  I t  i s  a s s o c i a t e d  w i t h  a s e quenc e  o f  w i t h d r a w a l s  
o f  w a t e r  f rom th e  dam. The t o t a l  w i t h d r a w a l s  i n  t h e  Wet Season  work o u t  to  
32 .7  a c r e  f e e t .  S i m i l a r l y ,  t h e  f i g u r e  f o r  t h e  Dry S e a s o n ' s  r i c e  i s  15*5 
a c r e  f e e t .  I t  must  be n o ted  t h a t  t h e  s equence  o f  TSM p o l i c i e s  d i f f e r s  f o r  
b o t h  s e a s o n s .  The r e s u l t s  a l s o  i n c l u d e  t h e  v a l u e s  o f  t h e  s t a t e  v a r i a b l e s  
a t  a l l  s t a g e s  i n  each  season .
The p r o g r a m  i s  s t r u c t u r e d  t o  p r o d u c e  t h e  g r o s s  b e n e f i t  f r o m  e a c h  
s e a s o n ' s  r i c e  p r o d u c t i o n .  The f i g u r e s  f o r  t h e  Wet  S e a s o n  a n d  t h e  Dry 
S e a s o n  a r e  Rs 1 1 ,5 3 9  and  Rs 1 0 ,7 4 5  p e r  h e c t a r e  r e s p e c t i v e l y .  The t o t a l  
g r o s s  b e n e f i t  c a n  be  o b t a i n e d  by m u l t i p l y i n g  t h i s  f i g u r e s  by  t h e  
c o r r e s p o n d i n g  a r e a s  o f  c u l t i v a t i o n .
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FIGURE 6.2
SCHEMATIC DIAGRAM OF THE FRAMEWORK OF OPERATION 
OF THE EMPIRICAL ALLOCATION PROCEDURE OF THE WATER STORAGE
Inflow I Return
(m -f c f )
Return
Rice
land
Irrigatio
' Rice ^  
land  ^
Irrigation
Storage During the 
Wet Season (S.)
DAM:
ARTIFICIAL DAM
Conservation
End of the Dry Season(S )
Storage at the
Storage during the 
Dry Season (S9)
Legend:
R^, R^ - Residual storages after depletion
FCF - Forced Conservation Figure
i ,j - Time
m,n - Time periods in the Wet and the Dry Seasons
W., W. - Withdrawals in the two Seasons. 
i 3
RIF Restricted Inflow Figure
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TABLE 6.8
DYNAMIC PROGRAMMING - SIMULATION SOLUTION TO THE PROBLEM OF 
EFFICIENT INTRASEASONAL DISTRIBUTIONS OF A SPECIFIC INTERSEASONAL 
ALLOCATION OF THE WATER RESOURCE IN THE YEAR 1976/77
Forced Conservation Figure = 31. 0 I Restricted Inflow Figure = 6.5 
Area of rice: Wet Season = 24.29 ha | Dry Season = 8.10 ha
Wet Season: Water Storage (WS) at the beginning = 8.5 ac-ft 
---------- Soil Moisture (SM) at the beginning = 100 percent
TSM sequence for SM = 100 and WATST = 8.5 is:
TSM = 40.0 END SM = 100.0 END WS 8.0 WITHDRAWAL = 0.0
TSM = 40.0 END SM = 100.0 END WS =: 14-0 WITHDRAWAL 0.0
TSM = 40.0 END SM = 90.0 END WS 14.0 WITHDRAWAL =r 0.0
TSM = 80.0 END SM = 100.0 END WS = 15-0 WITHDRAWAL = 4.5
TSM 80.0 END SM 100.0 END WS 13-5 WITHDRAWAL = 3.8
TSM = 40.0 END SM = 90.0 END WS = 16.0 WITHDRAWAL zz 0.0
TSM = 90.0 END SM = 90.0 END WS zz 19-5 WITHDRAWAL = 1 .3
TSM = 40.0 END SM = 70.0 END WS — 19-0 WITHDRAWAL zz 0.0
TSM = 90.0 END SM = 90.0 END WS = 23-0 WITHDRAWAL = 1 .5
TSM 80.0 END SM 90.0 END WS 14-0 WITHDRAWAL = 7.7
TSM = 90.0 END SM = 100.0 END WS 4.5 WITHDRAWAL = 9-0
TSM = 70.0 END SM = 77-3 END WS = 0.1 WITHDRAWAL = 4.4
Gross Return per hectare for the Wet Season = Rs 11,539
Turn-around Period: Beginning Water Storage = 30.70 ac-ft
------------------  Beginning Soil Moisture = 80 percent
Artificial Dam holds (FCF) 31*00 ac-ft
Dry Season: Water Storage at the Beginning: 20.31 ac-ft 
---------- Soil Moisture at the Beginning: 100 percent
TSM sequence for SM = 100 and WATST = 20.5 is:
TSM = 40.0 END SM = 80.0 END WS = 19.5 WITHDRAWAL = 0.0
TSM — 40.0 END SM — 100.0 END WS 18.5 WITHDRAWAL = 0.0
TSM = 70.0 END SM = 100.0 END WS = 16.0 WITHDRAWAL — 1 .4
TSM = 100.0 END SM = 100.0 END WS — 13.5 WITHDRAWAL = 1 .7
TSM = 80.0 END SM = 100.0 END WS = 10.5 WITHDRAWAL — 2.2
TSM = 80.0 END SM — 80.0 END WS = 9.0 WITHDRAWAL = 1 .0
TSM — 40.0 END SM = 100.0 END WS = 9.0 WITHDRAWAL 0.0
TSM = 40.0 END SM = 90.0 END WS = 10.0 WITHDRAWAL — 0.0
TSM = 80.0 END SM = 80.0 END WS = 7.5 WITHDRAWAL = 2.1
TSM = 90.0 END SM = 100.0 END WS 3.0 WITHDRAWAL = 4.1
TSM = 40.0 END SM = 90.0 END WS = 3.5 WITHDRAWAL = 0.0
TSM = 90.0 END SM = 100.0 END WS — 0.5 WITHDRAWAL 3.0
TSM 40.0 END SM = 43.2 END WS = 0.5 WITHDRAWAL — 0.0
Gross Return per hectare for the Dry Season = Rs 10,745- 
There is 10.30 ac-ft of water left in the dam.
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The e x e r c i s e  c a n  be r e p e a t e d  by v a r y i n g  a r e a  o f  c u l t i v a t i o n  a n d / o r  
v a r y i n g  t h e  c o n s e r v a t i o n  p a r a m e t e r s .
6 .3 * 4  C o n s e r v a t i o n  and i n t e r s e a s o n a l  a l l o c a t i o n  o f  w a t e r
As p o i n t e d  ou t  e a r l i e r ,  c o n s e r v a t i o n  and i n t e r s e a s o n a l  a l l o c a t i o n  o f  
w a t e r  a r e  i n t e r t w i n e d  i n  t h i s  s t u d y .  A h i g h e r  l e v e l  o f  c o n s e r v a t i o n  i s  
a s s o c i a t e d  w i t h  a r e l a t i v e l y  s m a l l e r  a l l o c a t i o n  t o  t h e  Wet S e a s o n  and  a 
r e l a t i v e l y  l a r g e r  a p p l i c a t i o n  t o  t h e  Dry S e a s o n .  T a b l e  6 .9  p r e s e n t s  t h e  
i n t e r s e a s o n a l  a l l o c a t i o n s  o f  w a t e r  and t h e  a s s o c i a t e d  r e t u r n s  f o r  12 l e v e l s  
o f  c o n s e r v a t i o n  f o r  t h e  y e a r  1976 /77*  The d e g r e e  o f  c o n s e r v a t i o n  i s  
d e p i c t e d  by the  RIF, t h e  h i g h e r  i t s  v a l u e  t h e  h i g h e r  t h e  a l l o c a t i o n  to  t h e  
Wet  S e a s o n .  A l t e r n a t i v e l y ,  a h i g h e r  R I F  v a l u e  r e f l e c t s  a l o w e r  
c o n s e r v a t i o n  and, i n  t u r n ,  l o w e r  a l l o c a t i o n  to  t h e  Dry Season.
A p e r u s a l  o f  t h e  t a b l e  a l s o  r e v e a l s  t h a t  a s  t h e  o v e r a l l  a l l o c a t i o n  o f  
w a t e r  t o  t h e  Wet S e a s o n  r i s e s ,  t h e  a l l o c a t i o n  t o  t h e  Dry S e a s o n  d e c l i n e s  
and  v i c e  v e r s a .  H o w e v e r ,  t h e  a l l o c a t i o n s  f o r  b o t h  o f  t h e  s e a s o n s  do n o t  
add up t o  a c o n s t a n t  i n  a l l  t h e  s i t u a t i o n s ,  b e c a u s e  o f  t h e  n o n - l i n e a r i t y  
and t i m e  v a r y i n g  c h a r a c t e r i s t i c s  o f  t h e  s t o r a g e .  The t r e n d  o f  n e t  r e t u r n s  
i s  a l s o  c o n s i s t e n t  w i t h  t h e  a l l o c a t i o n  o f  w a t e r  i n  bo th  o f  t h e  s e a s o n s .  As 
the  a l l o c a t i o n  o f  w a t e r  and a s s o c i a t e d  r e t u r n s  r i s e  i n  t h e  Wet Season ,  t h e  
c o r r e s p o n d i n g  o n e s  i n  t h e  Dry  S e a s o n  f a l l s  and  v i c e  v e r s a .  T h e s e  
c o n s t i t u t e  t h e  b a s i s  f o r  t h e  d e t e r m i n a t i o n  o f  e f f i c i e n t  i n t e r s e a s o n a l  
a l l o c a t i o n  o f  w a te r .  B e fo re  t h i s  can be done,  an a c c u r a t e  w a t e r  r e s p o n s e  
f u n c t i o n  has  to  be de v e lo p e d .  T h i s  i s  d i s c u s s e d  n e x t .
6 . 4  Water  Response  F u n c t i o n s  and Water  Response  F r o n t i e r
The Dynamic P r o g r a m m i n g - S i m u l a t i o n  t e c h n i q u e  e n s u r e s  t h e  e f f i c i e n t  
d i s t r i b u t i o n  o f  a g i v e n  v o l u m e  o f  w a t e r  o v e r  t h e  v a r i o u s  s t a g e s  o f  t h e
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TABLE 6.9
THE INTERSEASONAL ALLOCATION OF THE WATER RESOURCE AND 
THE ASSOCIATED RETURNS UNDER VARIOUS LEVELS OF CONSERVATION 
FOR SPECIFIC AREAS OF RICE IN THE TWO SEASONS OF 1976/77
RIF
(ac.ft.)
Wet Season 
Area = 24*29 ha
Dry 
Area =
Season 
: 8.10 ha
Water level 
in the dam 
at the end 
of the 2nd 
Irr Season
Water
alloc­
ation
Gross Net
Return Return
(in rupees)
Water
alloc­
ation
Gross Net
Return Return
(Rupees)
2.0 17.5 230,809 80,818 19-3 94,010 43,992 10.18
2.5 20.2 238,776 88,785 18.6 93,451 43,433 10.18
3.0 23-1 242,129 92,138 18.5 91,775 41,757 10.18
3-5 24-7 253,254 103,263 17.5 90,658 40,640 10.18
4.0 26.1 262,679 112,668 17.4 90,026 40,008 10.23
4.5 27.5 266,663 116,672 17.4 89,257 39,239 10.30
5.0 29-3 268,339 118,348 16.2 88,698 38,680 10.30
5.5 29-4 270,647 120,656 16.2 88,698 38,680 10.30
6.0 30.9 278,614 128,623 15.5 87,022 37,004 10.30
6.5 32.7 280,291 130,300 15.5 87,022 37,004 10.30
7.0 33-8 281,967 131,976 14.5 85,346 35,328 10.30
7.5 34.8 281,967 131,976 13.0 80,876 30,858 10.30
Notes: (a) The Restricted Inflow Figure, abbreviated as RIF, represents the
level of conservation. The lower this figure the higher the 
level of conservation of water in the Wet Season.
(b) The Forced Conservation Figure here is set at 31*0 ac.ft. so as 
to ensure a level of storage of approximately 10 ac.ft. in the 
dam at the end of the second irrigation season.
(c) The net return figure represents the value of output of rice net 
of the cost of all inputs other than that of water. The cost 
remains at the level of Rs 6,175/- per hectare over all the 
situations considered above.
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FIGURE 6.3
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OF WET SEASON RICE, 1976/77
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crop. The facility to ensure efficient intraseasonal allocation of any 
chosen quantity of water offers scope for generating a somewhat simplified 
water-crop response function. To the extent that it relates the total 
quantity of water applied at various stages of the crop to the final crop 
yield, it is an aggregate response function. It is unique to the extent 
that it subsumes efficient intraseasonal distribution. It is simple 
because it avoids the difficulties of estimating and handling a dated 
water-crop response function. It may be recalled that the simulation model 
discussed in the previous chapter provides the building blocks for such 
functions. Our interest is not in the function per se but in how best to 
allocate a given amount of water for maximum benefit. Thus, explicit 
functions depicting the response of each stage of the crop for different 
quantities of water in that stage are unimportant, although they have been 
taken into account by the DP in determining the best level. This approach 
constitutes the basis for the ensuing discussions.
6.4*1 Water-crop response
Each aggregate volume of water applied to the crop is associated with 
an output, which is also transformed into money value. Thus, the water 
crop response function sketches relationships between the value of output 
and the volume of water allocated in the season. The volume is measured in 
acre feet rather than megalitres in order to retain the same units as in 
the data-base of the dams. Figure 6.3 provides an example of the water 
crop response function, which is monotonic with the shape of a neoclassical 
production function. It depicts the function for rice production in the 
Wet Season of the year 1 976/77. It is derived for the specific rice land 
and so is site-specific. The second important feature is that it 
illustrates the crop response of 24.29 hectares of rice for a range of 
levels of application of water from 17*5 ac-ft to 34*8 ac-ft in that
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season. The values of crop output for the various levels of water 
application are presented in Table 6.8. Within a site, the Wet Season's 
function differs from that of the Dry Season and also can vary from year to 
year.
More importantly, the water-crop response function will depend on the 
area of rice to which the water is applied.
6.4.2 Area of irrigation and crop response relationship
The relationship of crop output to water input in a particular season, 
as we mentioned previously, is also conditioned by the area of the crop to 
which the water is applied. Given the same level of allocation of water, 
the output response to an additional unit of application differs according 
to the land area. This is evident from Table 6.10, which shows the net 
return figures derived in response to a range of volumes of application of 
water to four selected areas under rice. Again, these results are derived 
with respect to the Dry Season of the year 1976/77* A perusal of the table 
also reveals that the net return figure corresponding to a given volume of 
water also differs depending on the area in which it is spread. The 
highest net return for a given volume of water tends to converge towards a 
unique area of rice. For instance, of the four area of rice considered, 
the highest return for 15*0 ac-ft obtains in 8.10 hectare, while a 9*72 
hectare block of rice land yields the highest net return for 18.5 ac-ft of 
allocation. This suggests that it is possible to determine accurately the 
efficient area of rice for each level of application by examining their net 
return performance over a range of area of irrigation. Though 
computationally feasible, it will be very resource consuming to carry out 
this exercise for all conceivable quantities of allocation, especially 
since both the volume of water and area of rice are continuous variables. 
Nevertheless, it is feasible to narrow the space of examination around the
263
TABLE 6.10
AGGREGATE WATER - YIELD RESPONSE FUNCTIONS FOR 
VARIOUS AREAS OF RICE IN THE DRY SEASON OF 1976/77
Areas of
6.68 ha
Rice Under Irrigation in the Dry 
8.10 ha 9*72 ha
Season
11.34 ha
Water
input
Net
Return
Water
input
Net
Return
Water
input
Net
Return
Water
input
Net
Return
13*5 31,391 13*0 30,858 14-3 29,898 14.5 26,662
13*7 31 ,560 14-5 35,328 15.0 34,008 15.6 31 ,174
14.9 33,406 15*5 37,004 15.9 36,019 16.0 34,099
15*1 34,747 16.2 38,680 16.9 38,031 16.7 36,445
15*4 35,194 17.4 39,624 17.7 40,042 17.8 37,228
17.4 35,640 17.5 40,640 17.8 41,723 18.4 40,356
18.5 41,757 18.7 43,734 19.1 43,202
18.6 43,433 19-3 46,416 20.1 44,369
19*3 43,992 20.5 46,669 21 .0 46,228
22.1 43,575
Notes: (a) The figures are generated by implementing the Dynamic 
Programming - Simulation procedure expounded earlier 
for the acutal water storage in 1976/77*
(b) The water input measured here in acre-feet represents 
the aggregate volume of water made available ex­
sluice for irrigation throughout the season.
(c) The return figures refer to the rupee value of rice
net of the cost of all inputs other than that of 
water. The cost remains fixed at the level of Rs
6,175 per hectare.
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useful range of water allocation for the purpose.
On the other hand, since land and water variables are continuous, it 
is possible to adopt a geometric approach, where a "true" response function 
can be derived making use of the response relationship of a few selected 
areas of rice as in Table 6.10.
6.4.3 The true crop response function for water
When the area can be varied, for any given level of allocation of 
water, there is an efficient area of rice. Its determination is dependent 
both on the total net return and its response to a marginal change in the 
chosen water application. In other words, an efficient area of rice is 
implicit in the net return figure for a given level of water allocation. 
The net return figures for a range of water allocations trace the true crop 
response function. As we discussed earlier, it is the envelope curve 
tangent to all feasible response relationships for different areas of rice, 
such as the ones presented in Table 6.10.
It is feasible to parameterize the crop response relations for each of 
the areas in Table 6.10 by statistical estimation techniques. For each 
area, the values of parameters and even the form of the function could be 
different. Based on a number of such statistically valid mathematical 
functions, the envelope can be derived. However, in view of the 
limitations owing to the limited number of data points, such an exercise 
cannot be worthwhile and is not pursued. In any case, as we will see, our 
problems can be resolved without recourse to such an elaborate exercise 
which necessarily would have to be repeated for each situation. However, 
as a means of illustrating the nature of the envelope depicting the true 
crop response function for water, it is pedagogically helpful. It is 
depected in Figure 6.4.
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In the figure, the response relationship for each area of rice is 
shown by connecting sequentially the net return figures for increasing 
levels of application of water. As would be expected the relationship is 
continuous and monotonic, but understandably consists of many facets, 
somewhat similar to a function that could be derived from a linear 
programming approach. Each relationship reaches a plateau, which is lower 
for the one corresponding to 6.68 hectares than that depicting 8.10 
hectares and so on. The frontier in the North-West connecting segments of 
the relationship approximates the 'envelope'. For practical purposes this 
can be regarded as the continuous true water response function. As we will 
see later, even the explicit derivation of this entire function is not 
necessary for our purposes.
6.5 Efficient Intertemporal Allocation
Our concern is with overall intertemporal efficiency in the allocation 
of water. Once the efficient intraseasonal allocation for rice production 
within each of the Wet Season and the Dry Season is ensured, the problem 
becomes simple. It is then one of determining the efficient interseasonal 
allocation. This is achieved when marginality conditions are satisfied. 
That is, an allocation is efficient when the value of the decrease in 
output by diverting an acre foot of water from the Wet Season to the Dry 
Season is exactly offset by the discounted value of the increment in output 
in the Dry Season. The time preference is assumed zero in view of the 
short time span. However, as has been discussed elsewhere, owing to 
evaporative losses in conservation, the unit of water diverted shrinks. 
Effectively, this acts in a similar way to a discounting factor.
The prerequisites for the determination of the efficient allocation 
are the functions of net returns for the Wet and the Dry Seasons for 
allocation to the Wet Season. We refer to the respective functions as Net 
Social Benefit (NSB) and Net Social Cost (NSC) functions.
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FIGURE 6.4
WATER INPUT-NET RETURN RELATIONSHIP 
IN THE DRY SEASON, 1976/77
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6.5*1 Net social benefit function
The Net Social Benefit (NSB) is defined as the value of rice output 
net of the cost of all inputs excluding water. All are valued at their 
social opportunity costs. These are equal to market money prices, when 
rice and the other inputs are in elastic supply as assumed in this study. 
The NSB function represents the relationship between the NSB and the water 
allocation in the Wet Season. In other words, it is an aggregate 
production function of rice, but truncated to relate directly to the 
surplus instead of the gross value of output.
The NSB that can be derived with a given quantity of water is 
dependent on the area of cultivation as well. For any chosen quantity of 
water, there is a unique area that would yield the maximum NSB. Thus each 
point in the NSB function is associated with an efficient area of rice. In 
other words, the NSB function is derived based on water-rice response 
functions for a large number of different size blocks of rice land. It is, 
in fact, the envelope of all such curves. The domain of this function is 
defined by the water storage in the dam. However, for the purposes of the 
present study, the entire NSB function is not required. It would suffice 
to have a knowledge of the function only within the region of efficient 
interseasonal allocation.
It emerges from preliminary results that the efficient area of rice in 
the Wet Season for modest quantities of allocation of water exceeds the 
available rice land. It implies that it is desirable to irrigate the 
entire rice land in the Wet Season. Thus the water-rice response function 
in the Wet Season for the entire area of rice land closely approximates the 
NSB function at the region of efficient allocation. The function for the 
year 1976/77 is presented in Figure 6.5, which is derived based on a
limited number of points.
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FIGURE 6 . 5
NET SOCIAL BENEFIT AND MARGINAL 
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6-5*2 Marginal net social benefit in the region of efficient allocation
The Marginal Net Social Benefit (MNSB) at a specified level of 
application of water is defined as the rate of change of the NSB at that 
allocation. The slope of the tangent drawn to the NSB function at the 
given allocation provides a measure of MNSB. This is known as point 
marginal net social benefit. In practice, it is determined as the increase 
in the NSB by raising the allocation by a unit, for example, an acre foot. 
In the present exercise, however, the ability to vary the allocation in 
precise units is limited. Also, the empirical NSB function is not smooth. 
Thus, the MNSB values at selected levels of allocation of water are 
computed as arc marginal net social benefits. The MNSB function computed 
in this fashion for the year 1976/77 is presented in Figure 6.5*
The MNSB function, as has been pointed out, represents the derived 
demand function for water in the Net Season. Its integral measures the 
NSB. However, for the purposes of determination of efficient interseasonal 
allocation, only a segment of the MNSB function at the region of efficiency 
is required. Thus, the entire MNSB functions are not derived for other 
years.
In addition, for the determination of efficient allocation, a 
knowledge of the Marginal Net Social Cost (MNSC) is necessary. Derivation 
of MNSC is based on the Net Social Cost (NSC) function. This is discussed 
next.
6.5*5 User cost and net social cost function
The extraction cost of water in the case under consideration is 
negligible. Hence, the Net Social Cost (NSC) is equal to the User Cost 
(UC). It may be recalled that the UC measures the NSB of the Dry Season 
foregone as a consequence of allocating water to the Wet Season. The NSB
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in the Dry Season is derived with the water storage left over after 
applying to the Wet Season rice. The User Cost function or NSC function 
relates the NSB of the Dry Season associated with the allocation of water 
in the Wet Season. Clearly, it is different from the Dry Season's NSB 
function, which is the relationship between the NSB and the water 
allocation in the Dry Season itself. The difference is that the User Cost 
Function relates the NSB of the Dry Season to the levels of water 
allocation in that Season, whereas the Use Cost Function relates that to 
the allocation in the Wet-Season.
Like the NSB function, the NSC or user cost function is also a 
frontier. Each point in this frontier also represents an efficient area of 
cultivation in the Dry Season. The NSC frontier can be derived based on 
NSC functions for a range of areas or irrigation in the Dry Season. As an 
illustration, it is derived for the year 1976/77, geometrically on the 
basis of four NSC functions and shown in Figure 6.6. It may be noted that 
the NSC frontier has segments of all four NSC functions. The NSC frontier 
represents the "true" net social cost function. On the basis of this, the 
Marginal Net Social Cost function can be derived. However, it is not shown 
here explicitly since a geometric approach is not adopted to determine the 
efficient interseasonal allocation of the water resource.
6.5*4 The determination of efficient allocation of water
The allocation of water between the seasons is efficient when the 
aggregate net social benefit is at the maximum. At this allocation the 
MNSB and the MNSC in the Wet Season are equal.
Under the efficient allocation of the water resource, the most 
efficient areas of rice will be irrigated in both the Wet and the Dry 
Seasons. The efficient allocation of water and efficient area of 
irrigation can be determined simultaneously, without recource to the 
explicit derivation of the entire MNSB function and the MNSC function. It
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makes use of a simple computational approach. Here the allocation of water 
and the area of rice for the Dry Season are searched systematically. The 
search is continued until the above marginality condition is satisfied. 
Taking this result, a similar search is carried out for the Wet Season. 
The process continues iteratively until the total net social benefit is 
maximized. However, in most of the years exmained in this study, it was 
found that it is efficient to irrigate the entire block of rice land in the 
Wet Season, thus making the search procedure simple.
The approach adopted in this study to determine the efficienct 
interseasonal allocation of water is desirable because it requires only a 
few points on the MNSB and MNSC functions and it is easy to implement 
compared with a more detailed procedure. Moreover, the associated level of 
accuracy is considered adequate because the units of measurement of water 
and land are large. For example, water is treated in the DP model in terms 
of only one tenth of an acre-foot.
6.5*5 Globally efficient allocation
The M S B  function and MNSC function derived from the corresponding 
frontiers of NSB and NSC will lead to the definitive efficient 
interseasonal allocation of water. This can be termed global efficiency. 
On the other hand, when search procedures, such as the one used in this 
study, are used with NSB and NSC functions, a number of efficient 
allocations will be encountered. They represent locally efficient 
allocations, each with respect to given areas of irrigation in the Dry 
Season. The globally efficient allocation is searched among these 
equilibrium allocations.
Table 6.11 presents four equilibrium interseasonal allocations of 
water for the year 1976/77* Each of the allocations is with respect to 
specific areas irrigation with Dry Season. All four allocations satisfy
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the marginality condition, where the arc M S B  and arc MNSC are 
approximately equal. However, each one is associated with a different 
shadow price for water and aggregate NSB. Global efficiency is achieved in 
the situation where 24*29 and 8.10 hectares of rice are irrigated in the 
Wet Season and the Dry Season respectively. They are associated with an 
average allocation of 33*25 acre-feet and 15*0 acre feet of water 
respectively. This allocation of resources leads to the highest aggregate 
NSB of Rs 167,304* The price of water at equilibrium works out to Rs 1,524 
per acre foot or Rs 793 per megalitre.
The efficient interseasonal allocation of water, the efficient areas 
of rice and the associated NSBs for twenty two other years are presented in 
Table 6.12. Both the absolute and the relative magnitudes of interseasonal 
allocation of water vary from year to year. This is true of the NSB as 
well. However, the variability of the latter in the Wet Season appears to 
be lower than in the Dry Season. Before further discussion of related 
questions, it is useful to examine the nature of the price of water 
briefly.
6.5*6 The price of water
The last column in Table 6.12 shows the shadow price of water at the 
equilibrium where it is equal to both the arc MNSB and arc MNSC. 
Alternatively, the price also provides the optimal use tax rate to resolve 
the common property inefficiency.
Like the interseasonal allocation, the price of water at also varies 
widely. This can be attributed to the variability in rainfall and 
associated storage in the dam. Of the rainfall characteristics, not only 
the total rainfall but its distribution throughout the year is also an 
important determinant of the water storage in the dam. The price ranges 
from Rs 441 per acre foot in 1981/82 to Rs 4,426 in 1971/72. It is
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TABLE 6.12
EFFICIENT INTERSEASONAL ALLOCATION OF WATER, 
AREAS OF IRRIGATION AND NET SOCIAL BENEFIT: 
1960/61 - 1982/83
Wet Season Dry Season Price of 
Water at 
Equilibrium 
Rs/ac.ft.
Water 
(ac.ft.)
Rice
Area
(ha.)
Net
Social
Benefit
(Rs)
Water Rice
(ac.ft.) Area 
(ha.)
Net
Social
Benefit
(Rs)
1960/61 14.50 24.29 131,660 35.16 24.29 131,976 1 ,310
1961/62 8.90 24.29 132,814 29.30 24.29 128,830 1 ,397
1962/63 13.80 24.29 130,299 35.84 24.29 131,660 2,227
1963/64 12.55 24.29 129,668 32.43 24.29 117,825 1 ,332
1964/65 16.45 24.29 131,976 50.42 24.29 132,814 1,197
1965/66 17.45 24.29 128,308 40.33 24.29 130,299 1 ,595
1966/67 15.85 24.29 132,814 29.05 24.29 94,239 1 ,289
1967/68 15-65 24.29 121 ,700 22.80 24.29 102,000 1 ,497
1968/69 21 .69 24.29 103,882 16.97 8.89 42,910 1 ,870
1969/70 6.65 24.29 132,814 44.11 24.29 132,314 1 ,117
1970/71 8.85 5.26 29,236 33.29 24.29 131,147 3,643
1971/72 15.25 24.29 102,631 26.08 24.29 125,118 4,426
1972/73 13.75 24.29 92,453 8.75 4.05 21 ,230 1 ,736
1973/74 18.15 24.29 130,518 31 .44 23.52 107,323 2,142
1974/75 17.85 24.29 131 ,138 35.59 16.19 88,340 1 ,599
1975/76 17.00 24.29 131 ,334 36.97 17.02 90,963 1 ,730
1976/77 33.25 24.29 131 ,138 15.01 8.10 36,166 1 ,524
1977/73 18.25 24.29 125,478 17.60 1 1 .02 63,216 852
1978/79 13.75 24.29 131 ,660 37.18 24.29 131 ,976 1,183
1979/30 12.70 24.29 97,797 19.29 10.51 54,226 2,592
1980/81 6.95 24.29 131 ,660 28.15 18.25 78,130 1 ,425
1981/82 24.95 24.29 124,846 21 .43 18.25 92,231 441
1982/83 11.55 24.29 129,668 26.69 16.19 70,663 1 ,576
Note: The results pertain to the new technology of production of rice.
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interesting to note that in 1981/82 a relatively high proportion of 
rainfall is received in the Wet Season. The year 1971/72 represents the
opposite situation. Also the aggregate rainfall in 1981/82 is higher than 
that actually obtained in 1971/72. In general, the price of water in dry 
years, such as 1970/71, for example, tends to be relatively higher than in 
others. This conforms with a priori expectations.
Overall, the price is below Rs 1,800 per acre foot in over 75 per cent 
of the years. In 25 per cent of the years, it is less than Rs 1,300. It 
has already been noted that for 1976/77, the case year, the figure is Rs 
1,524. The overall average is Rs 1,728 per acre foot with a coefficient of 
variation of 38 per cent.
6.6 Summary of Results
The results presented in this chapter can be summarized as follows:
(i) A simulation system comprising two simulation models,
representing the rice production in the Wet and the Dry Seasons, 
can be used to provide an adequate decription of the traditional 
system of production. The models captured the essential features 
effectively and offered a facility to implement chosen irrigation 
policies. The traditional-commonality irrigation practice was 
incorporated by implementing a terminal soil moisture (TSM) of 
100 percent throughout the irrigation seasons of the crops. The 
simulation model was linked operationally to water storage in the 
dam in order to optimize the allocation amongst the crops' 
irrigation and the in-situ public good uses. Results relating to 
interseasonal allocations of water, efficient areas of rice crops 
and associated output were generated explicitly.
(ii) The simulation program was used to examine the performance of the 
old technology of production and traditional water allocation in
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different situations represented by 23 years. It was also 
engaged to assess the potential influence of removing an 
institutional constraint found with respect to the choice of area 
of planting in the Wet Season. Removal of this constraint 
proved, on average, to raise the overall allocation of water and 
the area of rice by nearly 9 per cent leading to an increase in 
net social benefit of approximately 17 per cent.
(iii) A similar simulation model was developed to characterize the new 
technology of production. Built in it were, among others the 
improved cropping calendar, yield potentials and susceptibility 
to water-stress of the high-yielding and short-maturing rice 
varities, being popularized currently. For implementing the 
efficient intertemporal allocation of water, the simulation model 
was incorporated into a discrete dynamic programming(DP) 
procedure. This consisted of separate two-state DP models for 
each of the seasons. In addition, two instruments, namely the 
restricted inflow figure(FIF) and the forced conservation 
figure(FCF), for effecting water conservation in the Wet Season 
were incorporated. They facilitated the examination of various 
interseasonal allocations of water. Results obtained from such 
an exercise were used to define a crop response function for 
aggregate water input for rice in each season. Response 
functions generated for different areas of crop were used to 
derive a crop response frontier which varies the area of rice 
optimally for various amounts of water.
(iv) Crop response frontiers constitute the basis for the development 
of a marginal net social benefit (MSB) fuction for the Wet 
Season and a marginal net social cost (MNSC) function. Making 
use of these, the efficient interseasonal allocation of the water
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resource, the crop area and net social benefit were determined 
for 23 years. For the case year 1976/77, the efficient 
allocation for the Wet Season and the Dry Season are 33*25 and 
15*0 acre-feet respectively. The optimal price of water is Rs 
1 ,524 per acre-foot. However, the price varies from year to 
year, the average being Rs 1,269 per acre-foot.
(v) In 1976/77, the net social benefit under the efficient allocation 
is Rs 167,304 which is equivalent to four times the benefit 
accuring to the combination of the old technology and the 
traditional water allocation. The contribution of the new 
technology must be seperated from the total net social benefit to 
determine the actual efficiency gain. This is discussed in the
next chapter.
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CHAPTER 7
RESOLVING COMMONALITY: USE TAX AND EFFICIENCY GAINS
Introduction
The preceding chapter provided a description of the traditional or 
commonality allocation of the water resource for growing rice under the old
technology. The nature of the allocation was summarised in terms of
interseasonal allocation of resources such as land and water, and
associated net social benefit. It also discussed the determination of the 
efficient intertemporal allocation of the water resource and the
corresponding shadow price of water. The latter is, in fact, the optimal 
use tax to resolve the commonality.
However, the overall gains in net social benefit comprised two 
components: viz. the gain due to the introduction of new technology; and 
that due to the efficient intertemporal allocation of the water resource. 
The latter constitutes the efficiency gain that will accrue on resolution 
of commonality.
This chapter attempts to separate the net efficiency gain from the 
overall gains and discusses its distribution, especially when an optimal 
use tax is imposed by the state. Attention is focussed on the situation 
presented by the case year, but years of special significance are also 
discussed. In addition, a summary view taking into account all twenty- 
three years is provided.
The chapter is presented in seven sections. The first section 
elaborates the nature of the efficiency gain. The second section discusses 
the net social benefit derived under commonality and under the efficient 
allocation of water when the new technology is adopted. It also provides
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the corresponding figure for the commonality allocation under the old 
technology. The use tax payments are compared with the overall gain in net 
social benefit to the villagers in the following section. The fourth 
section examines the nature of distribution of the net efficiency gain in 
the two seasons. The allocation of land and water in the two seasons under 
various situations are discussed and compared in the fifth section. Section 
six discusses the efficiency gain and its distribution in general. The 
final section provides a summary of the contents of this chapter.
7•1 Gain from Efficient Intertemporal Allocation
Gain, in this study, is measured as the surplus of the social value of 
rice output above the social opportunity cost of all the inputs with the 
exception of water and land. Thus the gain referred to here is analogous 
to 'Ricardian surplus' of land, but in this instance accrues to land and 
water. The need to separate the share of the surplus accruing to land or 
water does not arise in this study because we are concerned, ceteris 
paribus, with the influence of substituting an efficient allocation of 
water for the traditional allocation practice. The resulting 
increment/decrement in gain can be attributed to the 
change in allocation policy. The computation of the change in surplus 
takes into account the change in the value of output and that of the 
inputs. Alternatively, it is the net social benefit under the efficient 
water allocation policy minus that under the traditional policy of 
allocation of the rice production process.
The introduction of the efficient intertemporal allocation of water 
for rice production is also associated with a change in the system of 
production. Fundamentally, the traditional production of low productive 
varieties of rice is replaced by a new technology involving high yielding 
varieties and a different cropping calendar. The new technology of
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production of rice and the efficient water allocation policy are 
complementary. For instance, such a policy would be inconsistent with the 
traditional production system, especially because this has evolved based on 
the application per unit of land of inflexible quantities of water that is 
also absolutely free of charge. The efficient allocation of water with 
positive price thus raises the 'efficiency' of production of rice and 
shifts the production possibility frontier outwards.
Nevertheless, it is logically possible to assess the influence of 
switching to the efficient water allocation policy in either of the 
technologies of production. In fact, implementing measures of efficient 
interseasonal allocation of water for either system could resolve the 
problem of commonality. However, the gains to be derived by efficient 
interseasonal allocation under the new technology is likely to outweigh 
that under the old technology. An efficient interseasonal allocation for 
the latter system obviously has limited value for policy making and it has 
not been pursued here.
It must be noted that the adoption of improved practices in the 
production of rice is not contingent on an efficient allocation of water. 
Yet certain aspects of the new technology of production are inconsistent 
with the traditional allocation of water. For instance, the latter could 
not induce early planting which aims at maximizing the benefits from 
incident rainfall and economizing the use of water storage. On the other 
hand, late planting of rice is inconsistent with the efficient allocation 
of water, again illustrating the complementarity of the new technology and 
early planting of rice with the efficient allocation scheme for water. 
Therefore, it seems desirable to treat aspects such as the variety and 
cropping calendar of the technology as components of a package in the 
analysis.
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7.2 Aspects of Gain
Although the implementation of efficient allocation of water is not a 
necessary condition for the adoption of many of the improved practices of 
production of rice the introduction of measures for efficient allocation 
is necessarily associated with the adoption of improved techniques and 
practices in production. This itself results in increased social benefits. 
Additional benefits also accrue by way of resolving the problem of 
commonality with efficient interseasonal allocation of water.
However, in the literature concerning the resolution of problems of 
commonality, such distinctions of gains are often not made explicit. For 
instance, in the enclosures of commons of medieval England, the increases 
in farm surplus, comprising the gains from the adoption of improved farming 
practices and optimal stinting, are loosely described as "efficiency gains" 
(Allen, 1982). The adoption of most of the improved farming practices can 
be accomplished regardless of the enclosure of the commons. It is also 
true in the present study where to a large extent the benefits of the 
improved agronomic practices can be derived independently of the efficient 
allocation of water resources and can be separated from the efficiency 
gains arising from the resolution of the problem of commonality itself. It 
is of interest therefore to examine both the "broader efficiency gain" and 
the specific "net efficiency gain" within this study.
Table 7.1 provides the net social benefits under various situations. 
They can be used for the computation of the above net gains with respect to 
the year 1976/77 and, on an average basis, for the entire period stretching 
from 1960/61 to 1982/83* The figures in the first row refer to the actual
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traditional situation, where there is also an institutional constraint on 
the allocation of land for rice production in the Wet Season. It may be 
recalled that this constraint permits the cultivation of only two areas, 
viz., the entire Purana rice land or none at all. Consequently, the 
optimal allocation of land is not achieved in the old technology. For 
meaningful comparisons, it is thought desirable to relax this constraint. 
The rectified figures, taken to represent the old technology of production 
under traditional allocation of water are presented in the second row. The 
set of figures in this row constitutes the benchmark for the calculaton of 
the various net gains.
It is clear from the table that the average net social benefit rises 
from Rs 44,655 to Rs 217,465, before and after the implementation of the 
efficient allocation of the water resource. This gain reflects the broader 
net efficiency gain and accounts for Rs 172,810, an increment of 387 per 
cent. Of this, the actual net efficiency gain attributable to the 
efficient allocation of water accounts for Rs 42,083, which is equivalent 
to 24 per cent approximately. Thus, on an average, the net efficiency gain 
as a result of resolving the common property problem accounts for nearly 
one fourth of the overall net gains, or an additional 32 per cent of the 
gain obtained with the new technology alone. The net efficiency gain for 
the year 1976/77 is only a modest Rs 14,725 or 12 per cent of the broader 
efficiency gain of Rs 126,771*
Clearly, it is the Dry Season's production that accounts for the 
increase which far outweighs the foregone output in the Wet Season. 
Another advantage of the efficient allocation of the water resource is that 
it reduces the year to year variability of the net social benefit in either 
season. This is reflected in the relatively lower coefficient of variation 
of the net social benefits under the efficient allocation scheme.
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The benefits of the entire broader efficiency gain may not accrue to 
the users, especially when a use tax is adopted as an instrument to achieve 
the efficient allocation of water. It is examined next.
7 .3 Payments and Aggregate Gains to Water Users
The introduction of a use tax on the price of water for efficient 
allocation clearly involves a payment by the users to the state or the 
seller. The size of payment in a given year is dependent on the price and 
the volume of water brought for irrigation in that year. Originally, in 
the traditional system of pa production such a payment for water use did 
not exist. The required payment is, in fact, a redistribution or transfer 
to the state of a portion of the surplus in net social benefit is the 
broader efficiency gain. To the extent that the magnitude of the gain 
exceeds the payment, the users are not worse off.
The net social benefit under the traditional system, defined by the 
old technology and traditional allocation, and that after the 
implementation of the new technology and the efficient allocation of water, 
are presented in Table 7.2. This also shows the payment for water and 
related statistics. It is evident that in all the years there is a 
positive gain in net social benefit as a result of the introduction of the 
efficient allocation. Of this gain, the payment for water constitutes a 
very significant component, but even after such payment there is a positive 
gain to users in all the years but one, 1970/71. However, the entire gain 
in NSB is not attributable to the efficient allocation of water. Hence the 
appropriate component of the gain for comparing the water payments is the 
net efficiency gain, which is the increase in NSB attributable specifically 
to the efficient allocation scheme. In other words, the net efficiency
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gain is equal to the aggregate gain in NSB minus the net gain owing to the 
new technology of production of rice. We turn to examine net efficiency 
gain next.
7.4 Components of Net Efficiency Gain
As defined earlier, the net efficiency gain (NEG) refers to the 
increment in net social benefit as a result of replacing the traditional 
water allocation practice by the efficient allocation scheme. The change 
of the allocation practice is examined under the new technology of 
production of rice.
A breakdown of the various components of the NEG for the year 1976/77 
can be illustrated simply, as in Figure 7*1* The left and the right 
vertical axes measure the net benefit from the allocation of water in the 
Wet Season and in the Dry Season respectively. The horizontal axis 
measures the water stock allocated for rice crops in both of the seasons. 
The distance XZ defines the quantity of water available for allocation (or 
actually allocated) under the traditional scheme, XY measures the 
corresponding quantity under the efficient allocation scheme. This 
difference in the total amount of allocation is attributed to the differing 
evaporation losses under the two schemes. The efficient allocation 
involves a conscious conservation of water in Wet Season for use in the Dry 
Season. In the process, a considerable amount of the water is lost due to 
evaporation. Hence the stocks of water available for allocation (or 
actually allocated) differ under the two schemes.
Under the traditional scheme, 50.44 acre feet and 11.13 acre feet were 
allocated for the Wet Season and the Dry Season respectively. On the other 
hand, the efficient allocation involves an allocation of only 33*25 acre
feet of water in the Wet Season, resulting in the diversion of an
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FIGURE 7.1
A BREAKDOWN OF NET SOCIAL BENEFIT COMPONENTS UNDER 
THE TWO ALLOCATION SCHEMES OF WATER STORAGE IN 1976/77
Wet Season Dry Season
Rupees 
per unit
Rupees 
per unit
Wet Season 
V  MNSB
Dry Season MNSB 
under efficient 
Allocation
Use Tax Rate
Dry Season 
MNSB 
under
Traditional
Allocation
48.25
61.57
*
4
Water (ac-ft)
Net Social Benefit under Traditional Allocation:
Wet Season: AXC = Rs 133,652
Dry Season: CZD = Rs 18,927
Net Social Benefit under Efficient Allocation:
Wet Season: AXGB = Rs 131,138
Dry Season: EYGB = Rs 36,166
Benefit foregone by Wet Season Users: BCG = Rs 2514
Gains in Benefit to Dry Season Users:
EYGB - CZD = Rs 17,239
Net Efficiency Gains to Community:
EYGB - CZD - BCG = Rs. 14,725
Tax Proceeds: Wet Season: HXGB = Rs 50,673
Dry Season: IYGB = Rs 22,860
289 1 1
additional 17*19 acre feet. This, after being subjected to physical 
losses, leads to the ultimate allocation of only 15 acre feet to the rice 
crop in the Dry Season.
As a consequence of the reallocation of the water resource, users in 
the Wet Season incur a loss of Rs 2,514, as measured by the triangle BCG. 
The rice producers in the Dry Season now have a net social benefit of Rs 
36,166, covered by the area of the quadrilateral EYGB, instead of the 
triangle CZD. This accounts for Rs 18,927 and represents the NSB under the 
traditional scheme. Consequently, the rice producers in the Dry Season 
make a gain in NSB of Rs 17,239* However, it must be noted that the water 
users in both seasons are the same villagers. When both seasons are 
considered together, there is a net gain in NSB of Rs 14,725 for the 
community. It is worth noting that this net efficiency gain accrues 
despite the fact that a substantial volume of water resource is lost in the 
process of conservation during the Wet Season and in reallocation. 
However, most of the net efficiency gain is transferred to the state 
(seller) in the form of use tax. Payments for water amount to Rs 73,533, 
far exceeding the net efficiency gain. Thus the water users now will be 
made worse off. The minimum amount of tax proceeds that needs to be 
returned to sustain the users at the same level of welfare is Rs 58,808.
The tax proceeds comprise two components. It may be recalled that a 
portion of the proceeds constitute differential rent for the water 
resource. Let us first consider the Wet Season's sale of water. The area 
of the trapezium HXFB constitutes the differential rent earned by the 
volume of water XG in its use in this season. It corresponds to Rs 42,273 
(i.e. 50,673 - 8,400). The triangle BFG represents notionally the user 
cost or the transfer payment required to keep the water from its 
alternative Dry Season's use. Similarly, the differential rent and the
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transfer payment figure for the allocation in the Dry Season works out to 
Rs 20,346 and Rs 2,514 respectively. Of course, the transfer payments are 
notional and are internalized in the village community.
Obviously, the payment for water and the degree to which the users are 
made worse off vary from year to year. Before delving into it further, it 
will be useful to examine the reallocation of resources.
7.5 Impacts on Resource Allocation
In the old technology of production of rice, the institutional 
constraint on allocation of land in the Wet Season constrains the 
attainment of maximum net social benefit. The removal of this constraint 
leads to the allocation of more land and water, resulting in higher net 
social benefits. The effect of relaxing the constraint on the allocation 
of land and water is illustrated in the first two rows of Table 7.3 The 
figures are presented for the year 1976/77 and an average picture for 23 
years from 1960 to 1982 with respect to the traditional allocation of 
water. Even under this allocation, the new production technology makes a 
higher area of irrigation possible. On average, the area irrigated in the 
Wet Season rises by 46 per cent, whereas that in the Dry Season rises from 
2.97 to 9*84 hectares, a 330 per cent rise. The increase in area of 
irrigation can be attributed to the augmentation of the resource base via 
early planting in the Wet Season with the onset of the rains.
The relative allocation of water is interesting. On average, the 
aggregate amount of water used is unchanged. However, the interseasonal 
distribution has changed. In the traditional system 84 per cent is 
allocated to the Wet Season while in the improved system the figure is 56
per cent.
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The substitution of efficient interseasonal allocation of water for 
traditional allocation appears to have the following effects:
(i) the areas of rice land brought under production in the Wet Season 
and especially in the Dry Season are increased; and
(ii) water is reallocated away from the Wet Season to the Dry Season, 
while the aggregate water allocation declines.
On average, the implementation of efficient interseasonal allocation 
results in the evaporative loss of 13*86 acre feet or 24 per cent of 
water from a total of 58.62 acre feet. Under the traditional allocation, 
56 per cent of this amount is allocated to the Wet Season rice. On the 
other hand, only 34*5 per cent of a total of 44*76 acre feet is used in 
that season under the efficient allocation scheme.
In contrast to the aggregate of water, the total rice land brought 
under production under the efficient allocation of water rises by 34 per 
cent from that of 31.87 hectares under the traditional allocation. The 
rise in area in the Dry Season is over 200 per cent. The magnitudes vary 
from year to year. Table 7*4 presents the area of rice land and quantity 
of water allocated to the Wet Season as a proportion of the respective 
totals under the two schemes of water allocation. For instance, in 
1976/77, 87.6 and 75*0 per cent of land is allocated to the Wet Season rice 
under the traditional and efficient allocation of water. The respective 
percentages in relation to water allocation are 81.9 and 68.9 in that 
order.
7*6 Efficiency Gain and its Redistribution
The components of net efficiency gain and its computation have already 
been illustrated with respect to the year 1976/77* We recall that the net
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TABLE 7.4
A COMPARISON OF WATER AND LAND ALLOCATION FOR RICE 
PRODUCTION IN THE WET SEASON UNDER THE TRADITIONAL AND 
THE EFFICIENT ALLOCATION OF WATER
Allocation of Water Area of Rice under 
Irrigation
Year
Allocation
Traditional
Allocation
Efficient
Allocation
Traditional
Allocation
Efficient
Ac-ft . Per­
cent
Ac-ft. Per­
cent
Ac-ft . Per­
cent
Ac-ft. Per­
cent
1960/61 33-28 47.3 14.50 29.2 24.29 62.5 24.29 50.0
1961/62 32.75 60.2 8.90 23.3 24.29 72.3 24.29 50.0
1962/63 34.62 49.3 13.80 27.8 24.29 63-8 24.29 50.0
1963/64 28.67 49-7 12.55 27.9 24.29 68.6 24.29 50.0
1964/65 35.53 40.7 16.45 24.6 24.29 56.1 24.29 50.0
1965/66 34.99 47.0 17.45 30.2 24.29 62.5 24.29 50.0
1966/67 32.52 58.3 15.85 35-3 24.29 74.5 24.29 50.0
1967/68 39.65 69.9 15.65 40.7 24.29 78.4 24.29 50.0
1968/69 33.19 66.6 21 .60 56.0 19.00 75.2 24.29 50.0
1969/70 27.97 40.4 6.65 13.1 24.29 61 .9 24.29 50.0
1970/71 2.09 6.2 8.85 21 .0 1 .01 7.4 5.26 17.8
1971/72 36.55 66 .8 15.25 36.9 24.29 75.0 24.29 50.0
1972/73 24.03 82.4 13.75 61 .1 17.00 90.3 24-29 85.7
1973/74 38.76 59.9 18.15 36.6 24.29 71 .4 24.29 50.8
1974/75 28.03 42.6 17.85 33.4 14.57 51 .4 24.29 60.0
1975/76 34.63 49.1 17.00 31 .5 24.29 64.2 24.29 58.8
1976/77 50.44 81 .9 33.25 68.9 24.29 87.6 24.29 75.0
1977/78 38.54 73.3 18.25 50.9 24.29 83-3 24.29 68.8
1978/79 33-76 49.2 13.75 27.0 24.29 63.5 24.29 50.0
1979/80 24.15 57.7 12.70 39-7 18.00 74.8 24.29 69.8
1980/81 31 .19 59.8 6.95 19.8 24.29 76.9 24.29 57.1
1981/82 42.93 75.2 24.95 53.8 24.29 80.0 24.29 57.1
1982/83 30.97 61 .7 11 .55 30.2 24.29 78.9 24-29 60.0
Notes:
(a) The figures are derived by the optimization based on the simulated 
water storages in the dam and the crop response functions over the 
period pertaining to the new technology.
(b) The percentages represent the proportion of each of the above figures 
of the Wet Season over the corresponding total for both the Wet and 
the Dry Seasons.
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efficiency gain is computed with respect to the new technology of 
production of rice. It is worked out by subtracting the loss in net social 
benefit in the Wet Season from the gain in the Dry Season on implementation 
of efficient allocation of water. The various components of the net 
efficiency gain for 23 years from 1960/61 to 1982/83 are presented in Table 
7.5, which also shows the net social benefits for the two seasons under 
efficient interseasonal allocation of water.
The efficient allocation scheme of water imposes a loss in net social
benefit in the Wet Season in all the years, the exceptions being 1970/71
and 1974/7 5» These are relatively dry years. They are so dry that the 
absolute area of rice that could be planted, and hence the NSB curve under 
the traditional water allocation, is lower than those under the efficient 
allocation. The consequent increase in NSB outweighs the loss in NSB.
This is illustrated in Figure 7 .2 . On the other hand, in the Dry Season,
the NSB rises in all the years when the efficient allocation is substituted 
for the traditional allocation of water. The increase in NSB is higher 
than the loss in NSB in the Wet Season both in absolute and relative terms. 
As a result, the net efficiency gain is positive and substantial in all the 
years. Its magnitude, however, varies widely from year to year, the lowest 
being Rs 7 ,7 0 3 in 1968/69 and the highest is Rs 84 ,7 7 7 in 1970/7 1 . This, 
we recall, is a dry year. It is interesting to note that the average net 
efficiency gain over the 23 years under examination works out to Rs 
4 2 ,0 8 3. In relative terms, this represents a 26 per cent rise over the 
aggregate net social benefit derived under the traditional allocation of 
water.
This represents a substantial increase in net social benefits. If the 
entire increase accrues to the users-consumers then there is a positive
incentive for the users to adopt the efficient allocation. There are
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FIGURE 7.2
NET SOCIAL BENEFITS UNDER THE SCHEMES OF WATER ALLOCATION 
AND COMPONENTS OF NET EFFICIENCY GAIN IN 1974/75
SeasonWet
Value 
Rupees 
per unit
Season
Value 
Rupees 
per unit
Dry Season 
MNSB
(Efficient > 
Allocation)
Wet Season MNSB 
(Efficienct Allocation)
Wet Season MNSB
(Traditional
^Allocation)
Dry Season MNSB 
(Traditional 
Allocation)
Use Tax
I*------17.25----^ ------------ 33.59 -------- 4
■U_________28.03_______ ^ ---------- 37.77 _
Water Quantity (ac-ft)
Net Social Benefit under Traditional Allocation: 
Wet Season: AXB = Rs 80,164
Dry Season: BZC = Rs 75,763
Net Social Benefit under Efficient Allocation: 
Wet Season: EGXD = Rs 131,138
Dry Season: EGYF = Rs 88,340
(a) Gain in NSB in the Wet Season:
EGXD - AXB = Rs 50,974
(b) Gain in NSB in the Dry Season:
EGYF - BZC = Rs 12,577
Net Efficiency Gains = (a) + (b) = Rs 63,551
Tax Proceeds: Wet Season: EGXH = Rs 28,542
Dry Season: EGYI = Rs 56,845
297
likely to be additional costs in implementing this allocation policy, but 
so long as they are smaller than the net efficiency gain, there is a 
positive gain to the community. Such positive gains also justify the above 
efforts in resolving the commonality problem in small dams. Another aspect 
of these steps is the transfer of surplus to the state in the form of user 
tax proceeds. If such a redistribution is smaller than the net efficiency 
gains net of additional costs of implementation, then the above conclusions 
are unaffected. However, in general this is not borne out in our results. 
There are two exceptions. In year 1961/62, the net efficiency gain exceeds 
the aggregate payment for water by Rs 23,333 or 43*7 per cent. The net 
efficiency gain over and above the payment is even higher in 1981/82 where 
it accounts for Rs 29,567, which is more than the water payment itself. In 
a few years, the net efficiency gains closely match the transfer or 
payment. On an average, over the 21 years, which show a higher payment 
than the net efficiency gain, the payment exceeds the net efficiency gain 
by Rs 39,523 which is in relative terms 44*8 per cent of the tax proceeds. 
In other words, the water users would be worse off by this amount.
A summary of the payments in use tax and aspects of efficiency gain 
are provided in Table 7.6. Clearly the tax proceeds exceed the net 
efficiency gain, on an average, by 80 per cent.
This study is concerned only with the efficiency questions of the 
resolution of common property problem and the related distributional issues 
are not pursued. However, it is felt important to identify the gainers and 
losers in the process of efficient interseasonal allocation of the water 
resource and also the potential implications of a few selected approaches 
to redistribute the tax proceeds. The welfare of the parties would not be 
improved unless the losers are compensated with the tax proceeds. The use 
tax has many effects. In principle, it separates the water users of the 
Wet Season from that of the Dry Season. Inefficient users and uses are
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TABLE 7.6
ESTIMATES OF THE MEAN EFFICIENCY GAINS AND TAX PROCEEDS 
ON IMPLEMENTATION OF THE EFFICIENT INTERTEMPORAL 
ALLOCATION OF THE WATER RESOURCE
Item Mean
Value
Coefficient 
of Variation
(a) Price or Use Tax of Water 
(in Rupees per Ac-ft)
1 ,728 0.38
(b) Quantity of Water Bought 
and sold (in Ac-ft)
44.8 0.21
(c) Tax Proceeds / Payment 
for Water By Buyers
75,870 0.48
(d) Net Efficiency Gains to 
the community (in Rupees)
42,083 0.49
(e) Relative Efficiency Gain 
in percent
26.0 0.83
(f) Tax proceeds required to 
be returned to save Buyers 
from Becoming worse off
35,523 0.84
(g) Percentage of Tax proceeds 
required to Be returned
44-8 0.63
Notes:
(i) The estimates are Based on the results of optimization elicited for 
23 consecutive years extending from 1960/61 to the year 1982/83«
(ii) Items (f) and (g) are Based on the results of 21 years excluding 
1961/62 and 1981/82, where net efficiency gains outweighed the 
payments for water.
(iii) An analysis shows that Both the net efficiency gains and the direct 
net gains to users are statistically significant to 0.01 level.
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also effectively isolated from efficient ones in the dam site. When a loss 
is realized, it is largely the inefficient users, especially those at the 
margin, who incur the loss. Overall, the losers in the efficient 
interseasonal allocation of water are the water users at the margin in the 
Wet Season. Yet, the most important loss for the villagers is imposed 
through the use tax payment to the state. This is incurred by the water 
users in the Dry Season as well. Nevertheless, since almost the whole net 
efficiency gain is realized in the Dry Season, the net loss, if any, is 
relatively small in comparison to the situation in the Wet Season. It 
must, however, be noted that there are in fact net losses evident in the 
Dry Season in three out of twenty-three years examined. This is true in 
the case year 1 976/77 as well. On the other hand, the net social benefit 
accrues to the subset of efficient users and the inefficient users at the 
margin are left out. They would lose even the share they received under 
the traditional allocation. Thus, it is clear that there are losers in 
both the Wet Season and the Dry Season who are not compensated by the 
gainers. The latter do not even have the required surplus to do so. The 
source for compensation of losers lies in the tax proceeds.
Compensation of losers would require, on an average, the transfer of a 
minimum of 44*8 per cent of the proceeds. In order not to interfere in the 
efficient allocation of the water resource, the transfer needs to be 
unrelated to the water use activity. At the same time, it has to be 
directed necessarily to the inefficient users such as the farmers operating 
marginal rice lands. Obviously, these two objectives are to some degree 
mutually conflicting in practice. This brings us to the issue of an 
appropriate form of payment. The entire redistribution need not be in 
direct payments. At least, a part of it can take other forms of social 
investments, the balance being allocated to redressing the most adverse 
distributional consequences. The choice of the type of social investment
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again has to he made on the basis of a comprehensive social cost-benefit 
analysis of alternatives. However, attention may also be paid to 
activities of a public good character, such as periodic maintenance work on 
the dam, where there is underinvestment privately. Such investments, made 
out of the compensation, constitute a forced investment for the community.
7.7 A Summary
The results presented in this chapter demonstrate that substantial 
gains can be derived by replacing the common-property allocation of the 
water resource by the efficient intertemporal allocation. This is 
associated with the reallocation of a significant amount of water used 
under commonality in the Wet Season for use in the Dry Season. In the 
process of conservation and reallocation, a considerable amount of water is 
lost through evaporation. Despite such losses in storage, the efficiency 
gain amounts to nearly 25 per cent. The main results can be summarised as 
follows:
(i) Efficient intertemporal allocation of the water in place of the 
traditional scheme influenced both the overall and the interseasonal 
allocation of the resources. Conforming to a priori expectations, 
the overall allocation of water declined. On an average, the overall 
allocation dropped from 59 acre feet in the traditional scheme to 
nearly 45 acre feet under the efficient scheme. Of this amount, 
however, only 55 percent was allocated to the Wet Season, whereas the 
corresponding figure under the traditional scheme or commonality 
allocation scheme was 56 percent. An overall increase as well as a 
reallocation of land was also evident. The total extent of cropping 
rose, on an average, from nearly 52 hectares under the traditional
scheme to 45 hectares when the efficient allocation scheme was
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implemented, almost the entire increase coming in the Dry Season.
(ii) In general, the reallocation of resources away from the Wet Season 
resulted in the loss of a portion of the Wet Season's net social 
benefit that accrued under the traditional scheme. However, this 
loss was far outweighed by the gain in the Dry Season. Consequently, 
there was an unambiguous gain in net social benefit in all the years 
examined. On an average, the net efficiency gain amounted to Rs 
42,083, representing a 24 percent gain. For the case year 1976/77, 
the figure worked out to be nearly 10 percent. When corresponding 
figures for all the years were considered, the mean percentage net 
efficiency gain was found to be as high as 26 percent.
(iii) It also emerged that even under the traditional or commonality 
allocation, the changeover from the old to the new technology alone 
could raise the net social benefit by over three-fold.
(iv) The optimal use tax or price of water for efficient interseasonal 
allocation varied from year to year. Dry years exhibited a higher 
figure. The average rate over the 23 years was found to be Rs 1,728 
per acre foot or Rs 1,400 per megalitre. The payments for water 
amounted, on average to Rs 75,870 which was far in excess of the net 
efficiency gain. Consequently, the community centred at the dam 
would be made worse off unless approximately 45 percent of the 
proceeds were returned as a pure transfer. In this respect, it 
emerged that the tax solution to the common property problem under 
study would have interesting parallels to that of the enclosure 
movements of medieval Europe.
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CHAPTER 8
PRACTICAL APPROACHES TO RESOLVING THE COMMONALITY 
Introduction
It emerged from Chapter 7 that substantial efficiency gains could be 
made by internalizing the externalities of common-property exploitation 
of village dams. The available approaches to resolve the common- 
property problem in water resources were outlined in Chapter 2. In order to 
allow the market a greater role in the allocation process, the state could 
use either the use tax method or the pro-rata method. Administrative 
allocations are possible but may not yield efficient outcomes.
The village dam was, in fact, a public property until the passing of 
an act known as the Paddy Lands Act of 1958. Until then an administrative 
method, known as the Vel Vidane system, had been used by the state 
to distribute the water resource to the villagers. On implementation of 
the Paddy Lands Act, the ownership of the dam was changed and it became a 
common village property. The administration of water by the Vel Vidane 
was also judged as unsuitable and he was replaced by a cultivation 
committee. Recently, steps have been taken to revert to a changed Vel 
Vidane system, while retaining the common ownership of the dam. This system 
does not take into account the aspects of efficient intertemporal 
allocation and is of limited value to resolve the commonality
problem. Although a single ownership would internalize the 
inefficiency, it is not practical. The aim of the present chapter is to 
discuss methods which will resolve the problem of commonality under 
public (or state) ownership and through the market mechanism.
The chapter is divided into five sections. The first one discusses
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the nature of the Vel Vidane administrative system, the reasons for 
its failure in the past and its limitations for allocating water 
efficiently. The second section discusses the implementation of the use 
tax method and the associated problems. The implementation of the pro­
rata method is discussed in the following section. The 
prerequisites for efficient allocation of the water resource through the 
market are discussed in the fourth section. The final section 
concludes.
8.1 Vel Vidane Administration
Up until the Paddy Lands Act was passed, the dams were under the de
ownership of the crown. The water resources of each dam
was administered through an agent, known as the Vel Vidane, appointed by 
the state from amongst the villagers. Usually, the appointee was a 
village leader and the appointment was held permanently until old age or 
death. The Vel Vidane had full control over the sluice gate of 
the dam. He was responsible for the orderly release and the distribution of 
water among the users throughout each of the seasons. Generally, 
disputes arising amongst the users in relation to the cultivation of rice 
and the water use in the course of the season were also arbitrated by 
him. In areas where rice was cultivated in the Wet Season as well as the 
Dry Season, the appropriate area of rice for the Dry Season and individual 
farm quotas were determined by the Vel Vidane in consultations with the 
other users. The Vel Vidane was responsible to the Government 
divisional administrator or the District Revenue Officer. The appointment 
was largely honorary. Nevetheless, the Vel Vidane was permitted to 
receive from other water users a small payment in terms of rice, usually a 
bushel per user, at the end of the season. Generally, this 
payment was regarded as a gift for the services of the Vel Vidane.
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In  o r d e r  to  c a r r y  o u t  an o r d e r l y  d i s t r i b u t i o n  o f  w a t e r  he convened 
p r e - s e a s o n  m e e t i n g s  w i t h  t h e  u s e r s  and s y n c h r o n i z e d  as  f a r  a s  p o s s i b l e  
t h e  t i m e  o f  l a n d  p r e p a r a t i o n  and  t h e  p l a n t i n g  o f  r i c e  o f  a l l  u s e r s .  
I n i t i a l  w a t e r  r e l e a s e s  f o r  t h e  a b o v e  p u r p o s e s  w e r e  t i m e d  t o  s u i t  
a l m o s t  a l l  t h e  u s e r s .  I n  t h e  Wet Season ,  t h e  p l a n t i n g  was commenced t o w a rd s  
t h e  end o f  t h e  n o r t h  e a s t  m on so o n  a f t e r  t h e  s t o r a g e  i n  t h e  dam had 
r e a c h e d  i t s  maximum l e v e l .  S u b s e q u e n t  w a t e r  r e l e a s e s  w e r e  made a s  and  
when i r r i g a t i o n s  were r e q u i r e d .  Being a w a t e r  u s e r  h i m s e l f ,  t h e  Vel 
Vidane  seems  to  have t im e d  w a t e r  r e l e a s e s  b a s ed  p r i m a r i l y  on t h e  needs  o f  
h i s  c rop .  In  t i m e s  o f  l i m i t e d  w a t e r  s u p p l i e s ,  d i s p u t e s  o f t e n  a r o s e  be tw een  
t h e  Vel Vidane  and o t h e r  u s e r s .
F o r  t h e  Vel  V i d a n e ,  t h e  de f a c t o  o w n e r s h i p  o f  t h e  dam p r o v i d e d  
t h e  i n c e n t i v e  t o  e x t r a c t  t h e  e c o n o m i c  r e n t  o f  t h e  w a t e r  r e s o u r c e .  The 
payment  he was p e r m i t t e d  to  r e c e i v e  o f f i c i a l l y  was s m a l l  and was u n r e l a t e d  
to  t h e  amount  o f  w a t e r  used  by a v i l l a g e r  on any i r r i g a t i o n  o r  t h a t  used  
f o r  t h e  whole s eason .  I t  was a l s o  i n v a r i a n t  o v e r  y e a r s .  In  y e a r s  o f  c rop  
f a i l u r e ,  t h e  p a y m e n t  was  n o t  m ad e ,  b u t  t h e  l i a b l i l i t y  o f  p a y m e n t  was n o t  
c a r r i e d  o v e r  f o r  t h e  f o l l o w i n g  y e a r .  T h u s ,  t h e  V e l  V i d a n e  had  t h e  
i n c e n t i v e  to  e x t r a c t  h i g h e r  paym en ts  p a r t i c u l a r l y  d u r i n g  th e  Dry Season 
where  ( a t  ze ro  p r i c e )  t h e  demand f o r  w a t e r  i s  much h i g h e r  t h a n  th e  supp ly .
The Vel  Vidane a p p e a r s  to  have a p p r o p r i a t e d  a t  l e a s t  a p o r t i o n  o f  t h e  
r e s i d u a l  i n  t e r m s  o f  o t h e r  k i n d - p a y m e n t s  and  n o n - p e c u n i a r y  b e n e f i t s .  
Such  p a y m e n t s  w e r e  made i n  t h e  f o r m  o f  f a v o u r s ,  g i f t s  and v o l u n t u r y  
s e r v i c e s .  I t  i s  b e l i e v e d  t h a t  t h e y  w e r e  u s e d  a s  t h e  b a s i s  t o  r a t i o n  
w a t e r  i n  t i m e s  o f  s h o r t a g e .  T h u s ,  u s e r s  who d i d  n o t  make s u c h  p a y m e n t s  
f a i l e d  t o  r e c e i v e  f a i r  s h a r e s  o f  w a t e r  d u r i n g  t i m e s  o f  l i m i t e d  
s t o r a g e ,  p a r t i c u l a r l y  i n  t h e  Dry S e a s o n ,  l e a d i n g  t o  h o s t i l i t i e s  i n  t h e
v i l l a g e .
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In structure, the organization for the management of the water 
resource under a Vel Vidane resembled a non-profit firm, where no-one claims 
the right to appropriate the residual (see Alchian and Allen, 1972).
Generally, it would be expected that the rent or residual reaches the users 
rather than the state or the Vel Vidane for his managerial function. While 
he had the incentive to extract additional rent, the oLher users did not have 
the power to replace a corrupt Vel Vidane. In many villages, the situation 
bred hositilities and violence directed particularly against the Vel Vidane 
in the early fifties.
The Vel Vidane administration was abolished with the passing of an act 
known as Paddy Lands Act of 1958. Among many other provisions, the ownership 
of the dam was vested in the villagers collectively. This act also had 
provisions for the election of seven members from within the village. The 
cultivation committee harmonized the exploitation of the resource with village­
wide participation in decisions regarding water use. Members of the cultivation 
committee were not entitled to any payment. Over a period of two decades 
that followed, there were two other agrarian laws, but they did not make any 
fundamental change in the approach to the management of the dam by the 
cultivation committee. A changed Vel Vidane system has been introduced 
since 1979. Under the Agrarian Services Act No. 59 of 1979, provisions have 
been made for the annual election of a Vel Vidane by the villagers. The Vel 
Vidane is not entitled to any payment and the uam continues to remain the common 
property of the village. Because of these features of the present Vel Vidane 
system, no significant change has occured in the nature of exploitation of 
water. It must be noted that the sole purpose of the introduction of a Vel 
Vidane and of the cultivation committee has been only the harmonious use of 
the water resource.
However, it is feasible to redefine the responsibilities of either of
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the above institutions with explicit consideration for the 
efficient allocation of water. Given that the Vel Vidane and the 
members of the cultivation committee are also users of the water 
resource, it is difficult to implement an effective restraint on the rates 
of application of water for incentive to use the authority vested in them 
to pursue personal interests.
8.2 Implementation of the Use Tax Method
The optimal use tax differs from year to year depending on 
the quantity of water stored in the dam. Storage levels at various times 
of the year, while conforming to an underlying pattern, are 
stochastic, being influenced to a large extent by the rainfall 
characteristics. Thus, the optimal tax for any particular year cannot be 
determined before the end of the Wet Season. In fact, it cannot be 
determined conclusively without taking the the Dry season also into account 
because a significant increment to water storage does occur as a result 
of the south west monsoon rains. On the other hand, in order to achieve the 
efficient intertemporal allocation, the optimal tax rate must be 
announced in September, which marks the beginning of the agricultural year.
The lack of perfect information at the beginning of the year regarding 
the forthcoming water storage levels in the dam is the single most 
important problem in the implementation of an optimal use tax method. 
Because of this difficulty, it would be feasible to adopt only a second 
best use tax method in combination with other methods. For example, such a 
second best use tax could be implemented by announcing an average rate 
at the beginning of the year on the basis of limited information. By an 
average use tax we mean the arithmetic mean of all the use taxes 
determined, ex post as in our analysis, for a number of previous years. In
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addition, an administrative step could be used so that, for the actual 
storage remaining at the beginning of the Dry Season, an optimal area 
is chosen for cultivation.
Obviously, the reallocation of water would be suboptimal if the use 
tax levied happened to be either higher or lower than the optimal use 
tax for the storage forthcoming in the particular year. Nevertheless, it 
would certainly be relatively more efficient than the traditional 
interseasonal allocation under a zero price scheme and it would mitigate 
the differential seasonal scarcity of water. The initial second best use 
tax could be revised in subsequent years in the light of feed-back from the 
users and of relevant experience.
It was shown in Chapter 7 that the villagers would be worse off 
under a pricing system unless a substantial portion of the tax proceeds 
are returned to them. In order not to affect the efficiency of water 
allocation, this must be carried out in ways which are not related to 
the amounts of water use by any villager. This is a standard lump­
sum redistribution problem.
8.3 Pro-rating the Water Resource
The pro-rata method can be used effectively for the extraction of 
ground water, where annual aggregate pumping is limited to long-run 
recharge which constitutes a fixed supply for the users. The advantage of 
quotas here is that once established they would remain fixed practically 
for ever. Costs of implementation would also be modest. In the case of 
village dams, a somewhat similar pro-rata method is implemented only for 
the Dry Season. However, there are two differences:
(i) the individual quotas are established at the beginning of every 
Dry Season because the level of storage differs from year to
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year; and, more importantly,
(ii) quotas are not specified in quantities of water, but only in 
terms of the areas of rice decided at the beginning of the 
season.
Each user is permitted to grow rice in a smaller area proportional to 
his total holding in the block of rice land. The crop area quotas are 
reset in the following Dry Season depending on the then water storage. The 
right of a villager is usufructory in the sense of only the right to 
use without impairing the use of others. If, for some reason, he fails to 
grow rice in a particular Dry Season his quota will automatically be 
shared by others. The quotas cannot be traded even partially as 
villagers' rights are not specified in terms of quantities of water and 
are also not transferable. As a result, efficient allocation among users is 
not possible.
The assignment of area quotas in the Dry Season harmonizes the
extraction of water in the Dry Season where the water storage in the dam 
is limited. Since it is established in terms of area it does not 
permit individual decisions to vary the rate of application of water to 
his crop. This is so because he does not have the right to the water 
thus saved and cannot use it, for example in another area. Nor can he trade 
such claims. In order to achieve an efficient allocation, the quotas 
must be specified in specific quantities. From an efficiency standpoint, 
any set of arbitrary criteria can be used in the assignment of 
individual quotas.
For efficient intertemporal allocation, the seasonal 
aggregate extraction must be determined at the beginning of the Wet 
Season. In the case of a stock of resource which is known fully at the 
beginning of the year and is invariant over the planning horizon, it
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can be determined easily. Once each user is assigned his individual 
quota, he can make independent decisions regarding the optimal areas 
of cultivation and the efficient rates of application for growing rice.
The allocation decisions are straightforward where there are no 
rainfall influences on the crop water demand and no inflow influences on 
the supply of water during the year. As the season progresses, the right 
holders can also update their remaining quota in store for the season. 
However, when there are periodic inflows and time-varying natural 
depletion, as in the case considered in this study, the updating of 
individual quotas becomes cumbersome. The determination of a villager's 
remaining quota in the dam at a particular time must take into account his 
original quota, the history of his previous extractions, the amounts 
of inflows into the dam and the natural depletion. It also should take 
into account the history of the amounts of water bought and sold. 
Consequently, this process would involve the monitoring of the above 
components on a continuous basis. These and the continuous updating of 
quotas for each user have to be undertaken by the state. Thus, the 
implementation of pro-rating can be costly.
On the other hand, the lack of a definitive knowledge of the actual 
quota at the beginning of the Wet Season precludes the possibility of making 
efficient allocation decisions for the season. Under the uncertainties 
inherent in the resource stock, an easy option for the state is to defer the 
assignment of quotas until after the Wet Season, while administratively 
regulating the use of water in the Wet Season. It is therefore not 
surprising that under the Cropping Systems Research Programme of the Sri 
Lankan Department of Agriculture an administrative approach to allocation of 
water is adopted. In order to improve the situation regarding the 
interseasonal allocation of water, the villagers are encouraged to raise the 
Wet Season rice as a purely rainfed crop. In the Dry Season, the usual
310
pro-rating guided by the area of crop is permitted to operate. Obviously, 
this is a second best pro-rata method because it implies that the aggregate 
quotas for the Wet Season is nil. Apart from this, it is not conducive for 
the adoption of efficient rates of application of water and for the choice 
of optimal total area of cultivation in the Dry Season. However, it is 
possible to reduce the rates of application from the traditional levels and 
to raise the area of rice in the Dry Season administratively. They can be 
accomplished within the administrative framework provided by the Cropping 
Systems Research Programme.
8.4 Prerequisites
There are two prerequisites for the smooth functioning of the use 
tax and the pro-rata methods. One is the measurement of water in marketable 
units. Because of the fleeting characteristics of water, the process of its 
measurement and points of sale have implications for pricing and efficiency. 
The second one is the legal system to facilitate the exchange of water among 
users. The effectiveness of the pro-rata method depends on the market 
structure. A competitive market for the water resource is necessary for 
efficiency. In order to facilitate trade among quota owners, appropriate 
water rights are important.
These two aspects are examined in this section.
8.4*1 Measurement, point of sale and pricing
The implementation of the use tax method and the pro-rata method 
depends on precise measurement of the inventory of water in the dam and the 
amounts released for sale. A continuous monitoring of the level of storage 
in the dam can be carried out easily using a measuring staff cemented in the 
dam-bed closer to the sluice. Water depths can be translated into volume 
measures by refering to an elevation-capacity diagram. Water releases
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through the sluice gate can be measured with precision using a weir or a 
notch. At present, the water release is calculated based on the inner 
diameter of the sluice pipe and the height of the gap from the base of the 
sluice pipe to the bottom end of the sluice gate (see Appendix A).
Water released at the sluice is subjected to losses while being 
conveyed via the channel up to the point of diversion into the rice field. 
The further the holding from the sluice the higher the conveyance loss. 
Thus, the volume of water ex-sluice is greater than that at the farm 
head-gate. In large irrigation schemes, a distinction is made between 
ex-sluice and in-field allocations of water. The difference between these 
represents the conveyance loss and it is a real cost to the community. 
Fortunately, in the case of village dams, the conveyance losses are small 
and can be disregarded for the purpose of pricing of water.
8.4*2 Water Law and Water Rights
The pro-rata method assigns private rights in the resource and relies 
on the self interest of the owner, who will engage in profitable exchange 
transactions. These will lead to Pareto efficient allocation of the 
resource. When exchange transactions are possible, the use tax method also 
works well. However, in the case of the water resources, the legal precedent 
is such as to encourage commonality and to deny private rights. For example, 
in arbitration of disputes related to common and public watercourses, the 
common law continues to uphold the right of all land owners within the 
command of such resources to 'reasonable' use of water. The common law is 
used to adjudicate water rights because there are no specific water laws. 
Thus, the role of water law in relation to the efficient allocation of the 
water resource has been minimal.
Water laws in the western world are based on two doctrines,
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namely ,  t h e  r i p a r i a n  d o c t r i n e  and t h e  a p p r o p r i a t i v e  d o c t r i n e .  The f o r m e r  
i s  p o p u l a r  i n  Europe and i n  t h e  e a s t e r n  s t a t e s  o f  N or th  America  w h i l e  
t h e  l a t t e r  i s  a d o p t e d  i n  t h e  m ore  a r i d  p a r t s  o f  N o r t h  A m e r i c a .  The two  
d o c t r i n e s  a r e  c o m p a r e d  i n  d e t a i l  e l s e w h e r e  ( s e e ,  f o r  e x a m p l e ,  M i l l i m a n ,  
1959)* I t  w i l l  s u f f i c e  t o  s a y  t h a t  t h e  a p p r o p r i a t i v e  d o c t r i n e  a s s i g n s  
q u a n t i t a t i v e  r i g h t s  w h i l e  t h e  r i p a r i a n  d o c t r i n e  p e r m i t s  r e a s o n a b l e ,  b u t  
u n d e f i n e d ,  u s e  o f  w a t e r .  A l s o ,  o w n e r s  a r e  c o e q u a l  u n d e r  t h i s  
d o c t r i n e  and t h e i r  r i g h t s  a r e  u s u f r u c t o r y  and a r e  n o n - t r a n s f e r a b l e .
The w a t e r  r i g h t  s i t u a t i o n  i n  v i l l a g e  dams seems to  c o r r e s p o n d  w i t h  t h e  
r i p a r i a n  d o c t r i n e  f o r  two r e a s o n s .  F i r s t ,  t h e  r e s o u r c e  i s  t r e a t e d  a s  a 
common p r o p e r t y ,  where a l l  owners  have  c o - e q u a l  r i g h t s  f o r  t h e  r e s o u r c e .  
Usua l  p u b l i c  good u s e s  such  as  washing  and r e c r e a t i o n  a r e  r e a s o n a b l e  i n  t h a t  
t h e  use  o f  one v i l l a g e r  does  n o t  r e d u c e  t h o s e  o f  o t h e r s  f o r  such  p u r p o s e s .
On th e  o t h e r  hand ,  a r i g h t  to  p h y s i c a l  q u a n t i t i e s  o r  c o rp u s  o f  w a t e r  
i s  r e q u i r e d  f o r  i r r i g a t i o n  o f  r i c e  b e c a u s e  t h i s  u se  i s  c o n s u m p t iv e .  To th e  
e x t e n t  a consum pt ive  use  l i k e  i r r i g a t i o n  i s  r e a s o n a b l e  i n  t h a t  one u s e r ' s  
e x t r a c t i o n  o r  d i v e r s i o n  o f  p h y s i c a l  q u a n t i t i e s  o f  w a t e r  does  n o t  a f f e c t ,  
c o n te m p o r a n e o u s ly ,  t h o s e  o f  o t h e r s ,  i t  i s  r e g a r d e d  as  r e a s o n a b l e  and hence  
i s  c o n s i s t e n t  w i t h  a r i p a r i a n  r i g h t .  T h i s  i s  t h e  c a s e  i n  t h e  Wet Season ,  a s  
the  demand i s  l e s s  t h a n  t h e  t o t a l  s u p p ly  and o n e ' s  use  does  n o t  a f f e c t  t h a t  
o f  o t h e r s .  I n  e a r l y  t i m e s ,  when t h e  Dry Season  c u l t i v a t i o n  was n o n - e x i s t e n t  
i t  would have been a p p r o p r i a t e .  I t  does  no t  c o n f l i c t  w i t h  common p r o p e r t y  
i n c e n t i v e s  o f  e x p l o i t a t i o n .  At p r e s e n t ,  i t  seems t o  be i n  harmony w i th  t h e  
common e x p l o i t a t i o n  o f  dams i n  t h e  Wet Season .  In  f a c t ,  i t  i s  b e l i e v e d  t h a t  
u n d e r  common p r o p e r t y  s i t u a t i o n s ,  t h e  w a t e r  r i g h t s  r e s t  on t h e  r i p a r i a n  
d o c t r i n e .  One g e t s  t h e  r i g h t  f o r  consum pt ion  o f  t h e  r e s o u r c e  o n ly  a f t e r  i t s  
a p p r o p r i a t i o n .  I t  i s  a s s e r t e d  t h a t  t h e  r i p a r i a n  r i g h t  i n  w a t e r  r e s o u r c e  i s  
the  same a s  t h e  r u l e  o f  c a p t u r e  i n  o t h e r  f u g i t i v e  r e s o u r c e s  ( s e e  D a s gup ta ,
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1982, pp.14-15)* An important implication of this understanding is that a 
riparian law is endemic to common property water resources even in the 
absence of explicit statutes relating to water.
A rationing of water is implemented through the institution of 
'bethma' in the Dry Season, where the demand for water is higher than the 
supply. This is equivalent to the administrative rationing of water carried 
out during times of scarcity in certain parts of North America, in which 
riparian rights are practiced. The difference is that the rationing is by 
assigning priorities to certain crops and uses instead of area restrictions 
(see Milliman, 1959, p. 48). Under the bethma institution, a co-owner of the 
dam is assigned the right for a share of the storage. However, unlike the 
appropriative doctrine, the quantitative right is not stipulated in absolute 
quantity and is also not transferable. Although there are no explicit laws, 
this water right is frozen to the particular piece of rice land and to the 
particular use in that season for rice production.
In order to facilitate an efficient allocation, the owners must have 
well defined and transferable water rights. There are obvious difficulties 
in defining absolute water rights in terms of physical quantitities at the 
beginning of the year. However, the explicit assignement of right to a share 
of the capacity of the dam provides the upper bound of one's right and, at 
least, a limited degree of physical certainty of right. In addition, a 
quantity right may be assigned at the beginning of the Dry Season. For the 
smooth functioning of a market network, it is necessary that the water 
rights should be freely transferable, independently of land, among users and 
uses. The tenure of rights must be assured by legal enforcement. Water laws 
embodying riparian doctrine are not conducive to efficient allocation. A 
suitable structure of water rights for the market allocation of the water 
resource must embody the right to absolute amounts, certainty of rights and
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also the transferability. The success of the pro-rata method is largely 
dependent on the ability to define such a water rights structure. This must 
be legally enforced.
8.5 Concluding Comments
The use tax method and the pro-rata method require basically the same 
information for their establishment. The use tax appears easier to establish 
initially. However, the size of the tax has to be readjusted as the supply 
and demand conditions change. On the other hand, because of the variability 
of storage from year to year, the quotas for each of the seasons also have 
to be determined every year. From an efficiency standpoint, any arbitrary 
standard can be used to determine individual quotas. Initially, the size of 
the rice holdings may be used as the basis for this purpose. However, the 
pro-rata method depends for its success on a competitive water market backed 
by suitable water rights. The major difficulty for the implementation of the 
methods arises from the fact that the use tax or the pro-rata quotas have to 
announced at the beginning of the year before the storage is realized fully. 
Because of this uncertainty only second best methods can be adopted. Also, 
they have to be complemented by administrative allocation mechanisms.
From the point of view of implementation, a second best use tax method 
seems relatively easy. However, it has to be combined with administrative 
mechanisms to ensure the choice of an efficient area of cultivation, 
especially in the Dry Season. The water may be measured and sold at the 
sluice gate. The Cultivation Committee or the Vel Vidane can be engaged in 
the implementation of the above schemes under the supervision of a 
Government official. An administrative framework similar to the one adopted 
under the cropping systems programme can also be superimposed on the above
institutions.
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However, the choice of a method depends on the costs of 
implementation. The real gain to society is given by the efficiency gain net 
of the social cost of implementation. In this study, we have not attempted 
to work out the cost of implementation of any of the above methods. To a 
large extent, the existing Government institutions can be used for the 
purpose of implementation. Hence, the additional costs can be expected to be 
modest compared with the efficiency gain. Considerations may have to be 
given to the general acceptability of any method. In this regard, the basis 
used for the redistribution of the tax proceeds is also important. For 
equity considerations, it may be desirable to base the redistribution on 
the basis of income or other criteria where poor farmers receive a larger 
share than others. However, if it is not based on the size of rice holdings 
the group of owners of large holdings are likely to be dissatisfied and 
politically resistant to the introduction of a use tax system.
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CHAPTER 9
SUMMARY AND CONCLUSIONS
This thesis has examined the problems of common property resources 
by means of a detailed study of Sri Lankan village dams. This research 
was prompted by the observation that the water resources policy does not 
seem to recognize the existence of inefficiencies due to commonality. The 
research aims to serve the purpose of increasing the community welfare by 
showing how an efficient intertemporal allocation of the resource could be 
achieved.
In this thesis, an attempt was made to identify the main effects 
of common ownership of the dam in relation to the supply and to the 
utilization of water for use in irrigation. A rapid depletion of the 
resource was shown to be the most important, yet unresolved, 
spillover of commonality. An under-investment in the maintenance of the dam 
could also be a potential problem with possible adverse consequences. 
Fortunately, this latter aspect of the commonality problem has already 
been addressed by making the maintenance of dams a state 
responsibility.
The analysis was conducted at a theoretical level initially. It 
was followed by an empirical approach to determine the efficient 
intertemporal exploitation of the resource and to estimate the magnitude 
of the welfare cost involved in the inefficient exploitation. By examining 
a real village dam situation, it was demonstrated that substantial 
welfare gains could be derived by internalizing the spillover.
The nature of the investigation is summarised in section 
one. Important implications of the results are presented in the second
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s e c t i o n .  In  s e c t i o n  t h r e e ,  some a r e a s  f o r  f u t u r e  r e s e a r c h  a r e  i n d i c a t e d .  
T h i s  f i n a l  s e c t i o n  a l s o  i n d i c a t e s  t h e  p o s s i b l e  e x t e n s i o n  o f  t h e  g e n e r a l  
a p p ro a c h  f o r  t h e  a n a l y s i s  o f  p r o b le m s  o f  o t h e r  common p r o p e r t y  r e s o u r c e s .
9.1 A Summary o f  the  I n v e s t i g a t i o n
The  t h e s i s  c o n s i d e r e d  t h e  e x p l o i t a t i o n  o f  t h e  r e s o u r c e  f o r  
a l l o c a t i o n ,  t o g e t h e r  w i t h  t h e  l a n d  i n p u t ,  f o r  r i c e  p r o d u c t i o n  i n  t h e  
v i l l a g e  r i c e  l a n d s .  B o th  t h e  common and  t h e  e f f i c i e n t  e x t r a c t i o n s  o f  
w a t e r  were examined  and compared.  I n  t h e  t r a d i t i o n a l  p a t t e r n  o f  w a t e r  
u s e  o b s e r v e d  i n  v i l l a g e s ,  t h e  common p r o p e r t y  e x p l o i t a t i o n  o f  w a t e r  i s  
i m p l e m e n t e d  i n  s u c h  a way a s  t o  a v o i d  a n y  i n t e r p e r s o n a l  c o n f l i c t s  
t h ro u g h  i n s t i t u t i o n a l  a r r a n g e m e n t s .
The a n a l y t i c a l  a p p ro a c h  a ccom oda ted  t h e  m u l t i p l e  u s e s  f o r  w a t e r  such  
a s  t h e  i n  s i t u  p u b l i c  good u s e s  a nd  t h e  i r r i g a t i o n  o f  r i c e  i n  t h e  tw o  
s e a s o n s .  I n  t h e  i r r i g a t i o n  u s e ,  t h e  a p p r o a c h  c o n s i d e r e d  and  
i n c o r p o r a t e d  t h e  r e l a t i o n s h i p s  b e tw e e n  l a n d  and w a t e r  i n  r i c e  p r o d u c t i o n  
i n  o r d e r  t o  e n s u r e  t h e  m o s t  e f f i c i e n t  c o m b i n a t i o n  o f  t h e s e  f a c t o r s .  The 
a u g m e n t a t i o n  o f  t h e  w a t e r  r e s o u r c e  was  i n c o r p o r a t e d  i n t o  t h e  
a n a l y s i s  as  a p a r t  o f  t h e  new t e c h n o l o g y ,  which  i n c l u d e d  t h e  o p t i m a l  t i m e s  
o f  p l a n t i n g  to  d e r i v e  t h e  maximum d i r e c t  b e n e f i t  f o r  t h e  c ro p  from 
t h e  i n c i d e n t  r a i n f a l l .  U n l i k e  t h e  o l d  t e c h n o l o g y ,  t h e  new one  a l s o  
i n v o lv e d  th e  u se  o f  s h o r t - a g e d  and h i g h - y i e l d i n g  v a r i e t i e s  o f  r i c e .
An i m p o r t a n t  a s p e c t  o f  t h i s  s t u d y  i s  t h a t  i t  c o n s i d e r e d  t h e  
t r a n s i t i o n  f ro m  t h e  s i t u a t i o n  c h a r a c t e r i z e d  by  t h e  t r a d i t i o n a l  
a l l o c a t i o n  o f  w a t e r  a s s o c i a t e d  w i t h  t h e  o l d  r i c e  t e c h n o l o g y  to  t h e  
new t e c h n o l o g y  and t h e  e f f i c i e n t  i n t e r t e m p o r a l  a l l o c a t i o n  o f  t h e  r e s o u r c e .  
The g a i n  i n  w e l f a r e  t h a t  c o u l d  be d e r i v e d  by t h e  e f f i c i e n t  a l l o c a t i o n  o f  
t h e  w a t e r  r e s o u r c e ,  o v e r  and above t h a t  due t o  t h e  a d o p t i o n  o f  t h e  new 
t e c h n o l o g y ,  was a l s o  e s t i m a t e d  s e p a r a t e l y .
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Basically, the efficient intertemporal allocation was 
determined within a two-period framework, defining the user cost function 
for water in the Wet Season as a result of benefits forgone in the Dry 
Season. However, each season was devided into thirteen weekly stages to 
take into account the time-varying water storage and to ensure the 
efficient intraseasonal distribution of water. The general procedure 
involved the following steps:
(i) The public good and private good roles of the water resource, 
namely irrigation of rice and in situ community uses, were 
accomodated. For the in situ purposes, an absolute minimum 
requirement of five acre feet of storage was set throughout the 
year.
(ii) The demand functions for water in the two seasons were derived 
making use of water-crop response functions which were 
synthesized. The synthesis was made possible by a computer 
simulation model of the rice irrigation system, which was 
constructed using only past rainfall and evaporation records along 
with experimental findings on susceptibility of rice to water 
stress.
(iii) The rice irrigation simulation model was placed within a two- 
state discrete dynamic programming framework which linked the water 
storage and the level of soil moisture with the irrigation decisions 
and rice yield. For any given water storage pattern, the model 
generated efficient intraseasonal distribution of water and crop 
yield. The water availability on a weekly basis was specified in the 
model with reference to conservation policies. A response 
function to the aggregate water use was obtained by resetting the 
availability at various levels and implementing the simulation- 
dynamic programming. Repeating this exercise with different areas
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of rice, a number of response functions were synthesized and were 
used in the derivation of a crop response frontier.
(iv) Crop response functions for the two seasons were synthesized 
jointly by implementing in sequence the simulation-dynamic 
programming model of the Wet Season and that of the Dry Season a 
number of times, each time respecifying the availability of water 
during the year.
(v) The availability of water for irrigation during the Wet Season 
was regulated by imposing the conservation of a part of the weekly 
inflows into the dam. The conserved water was reallocated, after 
allowance for evaporative losses, to the Dry Season.
(vi) The water storage pattern for any year was generated using that 
year's weekly rainfall as input to a stochastic simulation model 
of water storage. Water storage in the dam is dynamic and 
stochastic, influenced mainly by the rainfall pattern. The 
development of the stochastic simulation model was based on 
parameter estimates of a transfer function(TF) time series model 
relating weekly data, over a period of a year, on rainfall and 
water storage, principally.
(vii) The formulation of the TF model was based on systems 
analysis concepts. The model was identified and estimated using a 
recursive instrumental variable-approximate maximum likelihood 
technique.
(viii) The crop response frontiers constituted the basis for 
deriving aggregate demand functions and they also measure the 
marginal social benefit schedules for water.
(ix) The marginal net social benefit function (MNSB) of water, 
after accounting for evaporative losses, in the Dry Season was 
used to define the marginal user cost(MUC) of water for the Wet 
Season. The efficient allocation for this season, and hence, that
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for the Dry Season, were given when the MNSB in the Wet Season and 
its MUC were equal. The dual was the shadow price of water.
(x) The area bounded by the MNSB curve, the MUC curve and the axes 
was used as a measure of welfare. The traditional allocation of water 
and the associated welfare were determined straightforwardly, 
adapting the core simulation model of the rice irrigation system.
In order to highlight the nature of variation of the results, the 
empirical analysis was repeated for twenty three different years, which 
represented different rainfall and water storage situations.
9*2 Main Implications
The results of the investigation have been summarised at the end 
of Chapters 4, 6 and 7, and will not be repeated here. The aim of this 
section is to consider two important implications of the results. The first 
relates to the applicability of the empirical approach adopted for the 
efficient allocation of the resource while the second refers to the 
value of our results to the specific dam under consideration.
9-2.1 Applicability of the approach
The investigation reveals that it is possible to develop a 
relatively simple model for the annual supply of a dynamic water resource, 
such as the one under study, and a manageable multi-period model for 
its efficient intertemporal allocation. It also demonstrates how 
such an operational framework could be used to address economic issues 
related to such water resources. This study has made use of this 
framework to highlight the inefficiencies associated with the common 
exploitation of the resource and to draw guidelines for its efficient
management.
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The b a s i c  m o d e l  u s e d  i n  t h i s  s t u d y  c o u l d  r e a d i l y  be a d a p t e d  
to  i n c l u d e  t h e  i r r i g a t i o n  o f  o t h e r  c r o p s  and a c o m b i n a t i o n  o f  d i f f e r e n t  
c r o p s  i n  t h e  r i c e  l a n d .  An e x p a n s i o n  i n  t h e  r a n g e  o f  u s e s  o f  w a t e r  
s p a t i a l l y ,  f o r  example ,  i r r i g a t i o n  o f  o t h e r  v i l l a g e  l a n d s ,  c o u ld  a l s o  
be  a c c o m o d a t e d .  As t h e  w a t e r  i s  p r i c e d  a t  i t s  s c a r c i t y  v a l u e ,  s u c h  
changes  would o c c u r  n a t u r a l l y  i n  due c o u r s e  a s  u s e r s  a t t e m p t  to  m ax im iz e  
t h e  v a l u e  o f  t h e  o u t p u t  d e r i v e d  from t h e  w a t e r .  I t  would be n e c e s s a r y  
to  r e p e a t  t h e  a n a l y s i s  p e r i o d i c a l l y  to  r e s e t  t h e  r a t e  o f  use t a x  o r  p r o ­
r a t a  a l l o c a t i o n  w i t h  t h e  c ha ng ing  demand s i t u a t i o n .  W i t h in  t h e  r i c e  
l and  use i t s e l f ,  t h e  f ram ew ork  co u ld  be e x te n d e d  to  h a n d le  t h e  a l l o c a t i o n  
o f  w a t e r  f o r  t r i p l e  s e a s o n  c ro p p i n g .  T h i s  p r a c t i c e  i s  c u r r e n t l y  b e i n g  
t r i e d  i n  e x p e r i m e n t a l  s t a t i o n s .  To d e t e r m i n e  e f f i c i e n t  i n t e r s e a s o n a l  
a l l o c a t i o n ,  t h e  d e r i v a t i o n  o f  u s e r  c o s t  f u n c t i o n  would be p l a c e d  i n  a t h r e e  
p e r i o d  f ra m ew ork ,  i n s t e a d  o f  two.
T h e r e  a r e  o t h e r  l o n g  t e r m  a d v a n t a g e s  i n  t h e  a p p r o a c h  a d o p t e d  i n  
t h i s  t h e s i s .  For  example ,  changes  i n  t h e  s u p p ly  o f  w a t e r  i n  t h e  dam 
due to  changes  i n  t h e  c a t c h m e n t  a r e a  due t o  d e f o r e s t a t i o n ,  h o u s in g ,  e t c ,  
and th e  a s s o c i a t e d  e f f e c t s  on t h e  p r i c i n g  and a l l o c a t i o n  o f  w a t e r  c o u ld  
e a s i l y  be e v a l u a t e d  w i t h i n  t h e  t o t a l  f ram ew ork .
The c h i e f  m e r i t s  o f  t h e  a p p r o a c h  a d o p t e d  h e r e  i s  t h e  
modes t  r e q u i r e m e n t  o f  d a t a .  The c r o p - i r r i g a t i o n  s i m u l a t i o n  model makes use 
o f  o n l y  d a i l y  r a i n f a l l  and  o p e n  p a n  e v a p o r a t i o n  d a t a ,  i n  a d d i t i o n  t o  
s e l e c t e d  o t h e r  d a t a .  M o r e o v e r ,  t h e  s t o c h a s t i c  m o d e l l i n g  h a s  t h e  
a b i l i t y  t o  h a n d l e  t h e  n o i s e - c o r r u p t e d  d a t a  o f t e n  o b t a i n e d  by c r u d e  
m e a s u r e s .  These a s p e c t s  a r e  v a l u a b l e  i n  a d e v e l o p i n g  c o u n t r y  s i t u a t i o n  
w h e r e  t h e  c o s t  o f  p r o c u r i n g  d a t a  i s  h i g h .  I t  i s  a r e a l  a d v a n t a g e  t o  t h e  
p r e s e n t  p rob lem  be c ause  t h e r e  a r e  t h o u s a n d s  o f  v i l l a g e  dams f o r  which  
g u i d e l i n e s  h a v e  t o  be  d r a w n  i n d i v i d u a l l y  t o  r e s o l v e  t h e  p r o b l e m  o f  
c o m m o n a l i t y .  T h i s  t a s k  i s  f e a s i b l e  g i v e n  t h a t  t h e r e  a r e  o t h e r
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computational advantages too. It is now possible to develop water storage 
models of dams on-line using mini computers. Also, since the simulation- 
DP models are implemented only sequentially, it can be managed without 
extensive computer core space facility.
9.2.2 Value of the results for the case study
The general direction of changes suggested by the results conform 
to a priori expectations. However, direct inferences on the basis of the 
values for the management of the water resource of the particular dam, 
need to be drawn with caution because of two reasons. First, the model 
used in the generation of water storage for different years was 
estimated on the basis of only one year's data and has not yet been 
satisfactorily validated. Second, the value of marginal product for 
water was derived on the basis of climatic data with limited field level 
information. Besides, the simulation model of the crop irrigation
system needs to be refined for the field situation at the dam site.
The model did perform reasonably well in representing the growth and
yield of rice under irrigation. The water storage model was also
estimated originally for a representative rainfall year.
Also, the new technology itself is new to the community. There may 
be constraints in the allocation of resources such as labour because 
the cropping calendars of the Wet Season rice under the new technology 
and of the chena cultivation now coincide. The original formulation of 
the problem has not taken into account the factors other than land and 
water. Hence, the implications drawn from the results of this study are 
pertinent only if the villagers are not constrained by the above factors.
9*3 Extensions
It is possible to explore common property resource
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problems associated with many other resources along the same lines as 
suggested in this thesis. The research reported in this thesis itself could 
be extended in future in four major areas, namely:
(i) relaxation of simplifying assumptions and incorporation of actual 
crop water response functions;
(ii) validation of the estimated transfer function model of water storage;
(iii) consideration of statistical distribution of rainfall and supportive 
research to predict the distribution of rainfall and other climatic 
factors to forecast accurately the water storage pattern and demand; 
and
(iv) consideration of stochastic aspects of crop demand for irrigation 
water and water supply influenced by varying rainfall.
The synthetic nature of the demand function and the need to test it 
in the field have been mentioned already. Several assumptions have 
been made with regard to irrigation and growth relationships. In 
particular, the interdependence between the growth at various stages was 
unrealistic. On the other hand, the estimation of detailed dated water 
response functions is almost impossible. However, it remains a valuable 
exercise to take the crop irrigation simulation model to the field and 
test it for further refinement of parameters used in the model. A suitable 
approach is to make comparisons of the yield performance in 
experimental plots and in the model of a sequence of predetermined 
irrigations during the season. Alternatively, stress conditions could 
be created in the plots, which are otherwise saturated, and in the 
computer model by withholding applications of water and the yield 
performances compared. Of course, both approaches could be adopted. Such 
investigations could be aided by agronomic studies to fine-tune the 
values of the crop factor and the soil factor used in the simulation; 
and to determine the interaction of stress effects on growth at various
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s t a g e s  o f  t h e  c r op  t o w a r d s  f i n a l  y i e l d .
On t h e  s u p p l y  s i d e  o f  t h e  r e s o u r c e ,  i t  was  p o i n t e d  o u t  t h a t  
t h e  e s t i m a t e d  w a t e r  s t o r a g e  m o d e l  was  u n v a l i d a t e d .  I t  w o u l d  a l s o  be  
u s e f u l  t o  g a t h e r  f u r t h e r  d a t a  and t o  r e p e a t  t h e  e s t i m a t i o n  so t h a t  t h e  
s t r u c t u r e  o f  t he  model  and t h e  v a l u e  o f  t h e  p a r a m e t e r  e s t i m a t e s  c o u l d  be 
c o n f i r m e d .
A v a l u a b l e  e x t e n s i o n  to  t h i s  r e s e a r c h  i s  t o  s t r e n g t h e n  t h e  a b i l i t y  
t o  f o r e c a s t  t h e  r a i n f a l l  p a t t e r n  a t  t h e  b e g i n n i n g  o f  t h e  y e a r  b a s e d  on 
p r e v i o u s  y e a r s '  r e c o r d s .  T h i s  m i g h t  b e  a c c o m p l i s h e d  b y  
u n d e r t a k i n g  p a t t e r n  r e c o g n i t i o n  and o t h e r  s t a t i s t i c a l  s t u d i e s  making u s e  
o f  many y e a r s '  r a i n f a l l  da t a .  The a b i l i t y  t o  make a c c u r a t e  p r e d i c t i o n s  
o f  t h e  r a i n f a l l  w o u l d  be  v a l u a b l e  t o  d e t e r m i n e  t h e  w a t e r  s t o r a g e  a n d  t h e  
v a l u e  o f  m a r g i n a l  p r o d u c t  s c h e d u l e s .  G i v e n  s u c h  i n f o r m a t i o n  a t  t h e  
b e g i n n i n g  o f  t h e  y e a r ,  t h e r e  w o u l d  n o t  be  a n y  n e e d  t o  r e l y  on s e c o n d  b e s t  
p o l i c i e s  t o  a c h i e v e  t h e  e f f i c i e n t  i n t e r t e m p o r a l  a l l o c a t i o n  o f  t h e  
r e s o u r c e .
On t h e  o t h e r  h a n d ,  i f  t h e  p r e d i c t i o n  o f  r a i n f a l l  p a t t e r n  
p r o v e d  i m p o s s i b l e ,  i t  w o u l d  be u s e f u l  t o  c o n s i d e r  t h e  s y n t h e s i s  o f  
s t o c h a s t i c  v a l u e  o f  m a r g i n a l  p r o d u c t  f u n c t i o n s  based  on a s t o c h a s t i c  
dynamic  p r ogrammi ng  f r amework .  To be u s e f u l ,  such  an e x e r c i s e  would need t o  
i n c l u d e  many y e a r s '  r a i n f a l l  and  e v a p o r a t i o n  h i s t o r y .  A s t o c h a s t i c  
DP f o r m u l a t i o n  o f  t h e  i n t r a s e a s o n a l  a l l o c a t i o n  o f  w a t e r  c o u l d  be  
p r o v i d e d  a l o n g  t he  l i n e s  s u g g e s t e d  by Dudley e t  a l  (1971 a,  1971b) .  
A m a t c h i n g  s t o c h a s t i c  s t o r a g e  f u n c t i o n  c o u l d  be o b t a i n e d  e a s i l y .  By d r a w i n g  
f r o m  a s t a t i s t i c a l l y  d e f i n e d  r a i n f a l l  d i s t r i b u t i o n ,  t h e  p r e s e n t  
s t o c h a s t i c  s i m u l a t i o n  w a t e r  s t o r a g e  m o d e l  c o u l d  p r o v i d e  s u c h  a w a t e r  
s t o r a g e  f u n c t i o n .
A l t h o u g h  t h e  g e n e r a l  a n a l y t i c a l  a p p r o a c h  a d o p t e d  i n  t h i s  t h e s i s  
cou l d  be a p p l i e d  t o  many o t h e r  c o m m o n - p r o p e r t y  r e s o u r c e s ,  c a r e  mus t  be
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t a k e n  i n  g e n e r a l i s i n g  t h i s  a n a l y s i s .  C h a r a c t e r i s t i c s  o f  t h e  p a r t i c u l a r  
r e s o u r c e ,  t h e  i n c e n t i v e  s t r u c t u r e  f a c i n g  t h e  common owners  and t h e  
c o n s t r a i n t s  on i n s t i t u t i o n a l  change  would need to  be c l o s e l y  examined  as  
t h e  f i r s t  s t e p  b e f o r e  a n a l y s i n g  t h e  p a r t i c u l a r  commons d i lem m a ( s e e  
Godwin and S hepa rd ,  1979).
The r e s e m b l a n c e  o f  t h e  p r o b l e m s  o f  t h e  v i l l a g e  w a t e r  r e s o u r c e  and  
o f  many o t h e r  common p r o p e r t y  r e s o u r c e s ,  such  a s  common f o r e s t r y  and 
common g r a z i n g  l a n d s ,  was i n d i c a t e d  i n  C h a p t e r  2. They  a l l  p r o v i d e  a 
s y m m e t r i c  i n c e n t i v e  s t r u c t u r e  f o r  a l l  common owners .  However ,  i n  c o n t r a s t  
t o  t h e  w a t e r  r e s o u r c e ,  t h e  o t h e r  tw o  a r e  r e n e w a b l e  b i o l o g i c a l  r e s o u r c e s  
a n d ,  i f  e x p l o i t e d  a t  e f f i c i e n t  r a t e s ,  w o u l d  c o n t i n u e  t o  p r o v i d e  b e n e f i t s  
i n d e f i n i t e l y  i n t o  t h e  f u t u r e .  I n  p r a c t i c e ,  i t  i s  d i f f i c u l t  to  d e t e r m i n e  
t h e  e f f i c i e n t  r a t e s  o f  e x p l o i t a t i o n  a c c u r a t e l y  b e c a u s e  i t  i s  d i f f i c u l t  to  
e s t a b l i s h  t h e  u s e r  c o s t  f u n c t i o n s  o f  c u r r e n t  u s e .  F o r t u n a t e l y ,  i t  i s  
t e c h n i c a l l y  f e a s i b l e  to  a s s i g n  p r i v a t e  p r o p e r t y  r i g h t s  a s  a means o f  
r e s o l v i n g  t h e i r  p r o b le m s  o f  c om m ona l i ty .  In  c o m p a r i s o n ,  i t  i s  d i f f i c u l t  
to  e s t a b l i s h  such  r i g h t s  i n  v i l l a g e  w a t e r  r e s o u r c e s .  N e v e r t h e l e s s ,  
f o r  t h i s  r e s o u r c e ,  we a r e  a b l e  to  d e f i n e  t h e  u s e r  c o s t  f u n c t i o n  f o r  c u r r e n t  
u t i l i z a t i o n  so t h a t  t h e  e f f i c i e n t  r a t e s  o f  e x p l o i t a t i o n  c o u l d  be 
d e t e r m i n e d .
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APPENDIX A
STRUCTURES OF CASE STUDY DAMS
A.1 Structures and Measurement of Water Flow
The layout of the dam, the catchment and the rice land of the W-Dam 
are shown in Map A1. Unfortunately, a bed contour plan of the dam is not 
available. Maps A2 and A3 show the bed contour plans of the M-Dam and the 
U-Dam respectively. They also show the location“of sluices and spills.
The choice of a particular type sluice and a spill is based on a 
number of engineering considerations such as the capacity of the dam and the 
relative elevation. The safety of a dam from breaching is ensured by a spill 
located at the flank of the dam in continuation of the bund. Whenever the 
inflow into the dam exceeds the safe level of storage, the surplus is 
discharged over the spill. Two common types of spills in village dams are 
the channel spill and the broad-crest spill. These are shown in drawings A.4 
and A.5*
In the modelling of water storage, spill discharges are calculated 
and incorporated. The volume of discharge Q, in cusecs, is given by the 
formula
Q = C.L.H 2 ,
where C is a constant, normally equal to 3*33»
L is the length of the spill in feet, and
H is the spill head (i.e the height of water level above full supply 
level).
The controlled release of water from the dam is carried out through 
one or more outlet(s) known as the sluice(s). The simplest of the modern 
sluices is known as the junction block type or VT type (i.e village dam 
type) sluice and it is found in dams with a small head (or shallow dams). In 
relatively deep dams, hume pipe tower sluices are normally found. It 
consists of a pipe, of 3 feet in diameter, placed vertically and the sluice 
gate is installed in the tower with the operating lever mounted on top. The 
tower is accessed by a bridge leading from the top of the bund. The above 
two types of sluices are shown in drawings A.6 and A.7. The particular 
outlet or sill of the sluice is found at the base of the bund.
The volume of water Q, in cusecs, released through a sluice is 
calculated by the following formula.
Q = A. Cd.JJ7g7h
where A is the area of the flowing section of the sill in squire feet;
Cd is a coefficient, normally equal to 0.69; 
g is equal to 32 feet per squire second; and 
h is the head of water in feet.
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A.2 D e f i n i t i o n  o f  Terms
A number o f  t e rm s  a r e  used  i n  r e l a t i o n  to  dams to  w a t e r  s t o r a g e .  The 
most r e l e v a n t  ones a r e  d e f i n e d  h e r e .
Reduced L e v e l  ( r / l ) :
H e i g h t s  w i t h  r e f e r e n c e  to  an a r b i t r a r y  l e v e l  a t  t h e  base  o f  t h e  bund, 
which i s  assumed as  e q u i v a l e n t  t o  100 .00  f e e t .  As a c o n v e n t i o n ,  t h e  
b a s e  o f  t h e  l o w e s t  s l u i c e  i s  used  as  t h e  bench  mark.
F u l l  Supply  Le ve l  (FSL):  The head  o f  w a t e r  above t h e  s i l l  up t o  t h e  s p i l l  
-----------------------------------------  l e v e l .
High F lood  L e v e l  (HFL): The f l o o d  l i f t  above s p i l l  l e v e l  when a dam s p i l l s .  
F r e e  Board:  The h e i g h t  o f  t h e  bund to p  l eve l (B TL)  o v e r  and above t h e  HFL.
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MAP A2
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APPENDIX B 
DATA AND SOURCES
Most of the data have been obtained from records kept at the 
Agrometeorological Station at Mahailluppallama. This and the major Dry Zone 
Agricultural Research Station are approximately 10 km away from 
the Walagambahuwa village. The time series model of water storage was 
estimated on the basis of data collected during 1976/77 at the dam site. It 
is reproduced in Table A.1 from Mahendrarajah (1981, p.165)• The monte carlo 
simulation of water storage has made use of this data, especially the 
temperature records. Daily rainfall figures over 23 years, recorded at 
Mahailluppallama are also used. In addition, the open-pan evaporation rates 
recorded by a standard evaporimeter for the corresponding period are used in 
the simulation of crop irrigation system. The evaporimeter readings are 
assumed as equal to free water evaporation. The rainfall and the evaporation 
data are given in Tables A.3 and A.4«
The data used in the estimation of time series models of water 
storage for Metpuliankulam (M-Dam) and for Uvayadikulam (U-Dam) are 
presented in Table A.2.
The following values for the crop factor, 'f', have been used to 
derive potential evapotranspiration figures from the open-pan evaporation 
rates. The values for cereal crops given by Flinn (1968, p.79) were 
fine-tuned in our simulation model of rice growth.
Crop Factor 'f' for rice
Late-maturing variety Short-aged variety
4 to 4 1/2 mnth 3 tc> 3 1/2 mnth
up to 16 days 0.11 up to 16 days 0.11
17 to 31 days 0.20 17 to 31 days 0.20
32 to 46 days 0.35 32 to 41 days 0.35
47 to 61 days 0.66 42 to 61 days 0.66
62 to 86 days 0.81 62 to 76 days 0.81
87 to 120 days 0.71 77 to 101 days 0.71
after 121 days 0.11 after 101 days 0.11
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TABLE A.2
WEEKLY RAINFALL AND WATER STORAGE OF 
THE CASE STUDY DAMS IN THE DL3 REGION
Week
No
Rainfall
(mm)
Water Level (ac ft)
M - Dam U - Dam
1 17.8 8.0 8.5
2 7.1 10.0 11 .0
3 69.4 35.0 55.0
4 148.5 52.8 78.0
5 57.8 69.0 88.2
6 280.2 175.0 365.0
7 60.7 133.5 326.0
8 98.8 117.5 319.5
9 188.5 130.0 335.0
10 21 .6 130.0 326.0
11 0.0 105.0 319.5
12 9.5 86.3 284.0
13 192.7 140.3 380.0
14 102.1 150.0 359.5
15 19.5 130.7 326.0
16 164.4 133.5 390.0
17 90.7 117.5 340.0
18 0.0 107.0 330.0
19 0.0 93-5 31 2.0
20 17.5 79.5 297.5
21 35.9 93.5 335.0
22 26.0 101 .0 319.5
23 46.7 109.0 343.0
24 40.6 86.0 330.0
25 0.0 72.7 319.5
26 2.8 62.0 305.0
27 33-3 52.8 284.0
28 17.0 50.0 284.0
29 0.0 34.5 258.5
30 0.0 23.7 232.5
31 0.0 20.4 226.0
32 0.0 15.0 203.0
33 0.0 9.6 186.5
Note: The data cover the period from 7 November 1983 
to 30 June 1984.
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TABLE A3
DAILY PAINFALL RECORD, NAHA ILLUPPALLAMA.:
2 S ep tem ber 1960 to  1 S ep tem ber 1983 
----------------------------------------------------------------------------------------------------( in  mm)-------
Days in  f o r t n i g h t
1 2 3 4 5 6 7 8 9 10 11 12 13 14
u.u U . U U . U u.o 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 7 . 9 15.5
8 . 9 0 . 3 0 . 0 19.1 16 .8 2 0 .6 24 . 9
4.1 3 . 8 6 .4 7 .4 14 .7 7 3 . 2 0 .5
0 . 0 0 . 0 0 . 0 0 . 0 1 .8 14 . 7 0 . 0
4 . 8 3 .6 4 . 3 0 . 0 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 .3 9 .9 5 . 8 0 . 3
0 . 0 0 . 0 0 . 0 1 3 . 2 1 1 5 .8 0 . 0 3 . 3
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
7 . 6 8 . 9 0 . 3 0 . 0 1 .8 21 .8 7.1
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 7.1
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 5 .8 3 .8
0 . 0 0 . 0 3 .0 13.5 2 . 0 14 .7 0 . 0
0 . 0 0 .0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
2 .5 0 . 0117 .3 0 . 5 13 .0 0 . 0 5 .8
0 . 0 0 . 0 7 .6 0 . 0 2 .3 0 . 0 0 . 0
0 . 0 0 . 0 1 .0 3 . 0 0 . 0 0 . 0 0 .0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 19 . 8 17 . 5 18 .3 4 .3
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 .0
9 . 9 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 .0
0 . 0 0 . 0 0 .5 0 . 0 0 . 0 0 . 0 0 .8
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 .0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 1.3 0 . 0 1 .3 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 .0
2 . 8 15 .7 0 . 0 0 . 0 0 . 0 15 . 7 3 . 8
37 .3 3 .0 1 .3 62 .0 0 . 3 4 .6 2 .0
1 .0 6 .4 0 . 0 3 .8 1.5 3 .3 7 .4
54.1 6 .4 0 . 0 8 .4 5 . 3 22.1 9 .4
0 .5 0 . 0 20 .3 13 .7 0 . 0 1 .5 4 .3
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 .3 5 .6
31 .0 11 .4 5.1 0 . 0 0 . 0 0 . 0 3 .3
0 . 0 1 .3 23 .6 17.5 13.5 0 . 0 0 . 0
0 . 8 1 .0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 0 5 .6 0 . 0 0 . 0 0 . 0 0 . 0 Ö.0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 3 .3 8 .4 19.1 2 . 3 0 .3
0 .5 0 . 0 1 7 .0 10 .4 9 . 9 0 . 3 1 .8
10 .4 20 .6 1 .5 0 .3 3 . 8 4 . 8 0 .0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 4.1 0 .0
12 .4 0 . 0 24 .9 18 .0 9 . 4 2 .3 0 .3
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 .0
0 . 0 0 .0 0 . 0 0 .0 0 . 0 0 . 0 0 . 0
0 . 0 0 .3 0 . 0 0 . 0 0 . 0 0 . 0 0 .0
9.1 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 .0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 .0
0 . 0 1 .3 0 . 0 0 .0 0 . 0 0 . 0 0 .0
0 . 0 0 . 0 .0 . 0 0 . 0 0 . 0 0 . 0 0 .0
0 . 0 0 .0 0 . 0 68 .8 0 . 0 0 . 0 0 . 0
0 . 0 0 .0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 4 7 .5
0 . 0 0 .0 0 .0 6 . 1 68 .6 0 . 8 1 .0
0 . 0 72 . 9 0 . 8 57 .4 2 0 .8 18.5 1 .0
0 . 0 0 . 0 0 . 0 5 .3 4 .3 3 8 .6 1 .0
0 . 0 79 .2 41 .9 1 .8 0 . 0 0 . 0 0 . 8
0 .0 0 . 0 0 .5 0 . 0 0 . 0 0 . 0 0 . 0
0 . 0 o.-o 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
2 .0 29.2 29 .7 19.3 0 . 0 0 . 8 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 42 .7 2 7 .9
0 . 5 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 .0 1.3 0 . 0 0 .0 0 .0 0 . 0 0 . 5
0 . 0 0 . 0 13.2 5 .8 0 . 0 0 . 0 8.1
0 . 0 7 .6 0 .0 0 . 0 0 . 0 0 . 0 10 .4
0 . 0 0 . 0 0 .0 0 . 0 2 .5 2 2 .9 15 .0
21 .1 0 .0 0 . 0 0 .0 0 . 0 0 . 0 0 . 0
1.3 0 .0 0 .5 6 .9 4 .3 0 . 0 0 . 0
0 . 0 0 . 0 0 .5 0 . 0 0 . 0 11 .7 0 . 0
0 .0 0 .0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 3 1 .0 0 .3 13.2 0 . 0 0 . 0 0 . 0
0 . 0 0 .0 0 . 0 0 . 0 0 . 0 0 . 0 5 .3
0 .3 0 . 0 0 . 0 0 .0 1 .5 0 . 0 0 . 0
0 . 0 0 .0 0 . 0 1.5 2 .0 0 . 0 0 . 0
0 . 3 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
2 . 3 7 .9 0 .0 0 .0 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 5 .8 3 .6 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 .0 0 . 0 0 . 0 3 .6
0 . 8 61 .7 36 .3 18.3 0 . 0 43 .7 1 .8
0 . 0 0 . 0 0 .0 67 .3 0 . 8 0 . 0 17 .8
1.5 4 .3 0 . 0 1 .8 1 .0 39 .6 0 .5
73 . 2 0 .5 7.1 0 .0 8 0 . 0 2 .3 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
45 .7 0 . 3 0 . 0 0 . 0 0 . 0 0 .0 3-3
10 .9 6 .6 0 . 0 0 .5 0 . 0 0 . 0 0 . 0
0 . 0 1 .0 0 . 0 0 .0 0 . 0 3 . 3 2 . 5
3 .6 0 . 0 0 . 8 0 .5 0 . 0 0 . 0 0 . 0
0 .0 0 .0 0 . 0 0 . 0 0 .0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 .0 0 . 0 0 . 0 0 . 0 0 .0 0 . 0 0 . 0
0 . 0 0 .8 2 .3 5 .8 21 .8 6 .4 1 . 3
0 . 0 0 .0 0 . 0 28 .4 9 .4 0 . 0 0 . 0
0 . 0 21 .6 7 . 9 7.1 0 . 0 0 . 0 0 . 3
1.3 13.5 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 0 0 .0 4 .6 0 . 0 0 . 0 0 . 0 0 . 0
0 .0 0 .0 0 .0 0 .0 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 5 0 . 3
0 . 0 0 .0 0 . 0 0 .0 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 .0 0 .0 0 .0 0 .0 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 1 .0 1 .8 1.5 0 . 0
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7 .9 7 .4 2.5 1 .3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  34.8 0 .0 0 .0 0 .0
0 .0 1 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 2 .8 0 .0
1 .3 0 .0 0 .0 0 .0 5.3 0 .0 0 .5 1 9 . 6  133.6  ;21 . 6148.8  <91 .9 1 .5 7 .9
2.3 0 .0 9.7 0 .5  76.7 5.1 13.7  ;21 .1 6 .9 2.3 0 .0 0 .0 0 .0 0 .0
1 .5 0 .0 1 .8 0 .0 0 .0 1 .0 3-3 1 .0 0 .0 2 .8 14.2 1.8  ;20.1 5.1
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 12.7 16.5 0 .0 0 .0 2.5
0 .0 4 .3  ;21 .3 0 .0 0 .0 0 .0  43.7 10.4 1 .8 1.5 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .3 0 .0 2.5 32.5 20.6 9.1 0 .0 0 .8 25-9
0 .8 4 .3 22.6 8 .4  '54.1 1 .3 0 .0 0 .0 0 .0 0 .0 8.1 24.1 16.8 24.4
49 .8 12.7 1 .8 4 .8 0 .0 0 .0  25.9 0 .0 1 .5 0 .0 0 .0 0 .0 0 .0 4 .6
0 .0 0 .0 0 .0 0 .0 0 .0 24.1 3.3 21 .3 13.2 0 .0 0 .0 0.5 0 .0 0 .0
5.6 11 .2 47.0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .5 0.5 1 .8 0 .5 0 .0 0 .0 0 .0 0 .0 10.9 0 .0 6 . 1 8 .4
0 .5 1 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 14.7 1 .5 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  24.1 0 .8 49 .8 1 .8 0 .0 17.3 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 1 .5 22.4 0 .0 2.3 0 .0 0 .0 0 .0 2 .0 0 .0 49.5
8 .4 0 .0 0 .0 16.3 3.6 24.6 0 .0 68.3 8 .9 73.2 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 4 .8 0 .0  16.8 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
2 .8 11 .4 0 .0 3.6 6.1 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 2.0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 3-3 0 .5
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .5
6 .4 0 .0 0 .0 0.3 5.6 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 3 .8 0 .0
1 .3 0 .0 0 .0 0 .0 0 .0 0 .3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 2.5 3 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 3 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .3 0 .0 0 .0 0 .0 0 .0 0 .8 0 .0 0 .0 0 .0 0 .0 0 .3 0 .0 0 .0 0 .0
0 .0 3.6 0 .0 0 .0 2.5 3 0 . 2 2.5 0.3 0 .0 9.7 5.3 1 .0 0 .0 3 .6
0 .0 0.5 0 .0 0 .0 0 .0 0 .0 0.5 0 .0 8 .4 0 .0 0 .0 0 .0 0 .0 54.6
80.5 9 .4 2.0 22.4 4 .3 16.3  76.7 31 .0 0 .5 6.1 0.3 9.1 0 .0 0 .0
0 .0 1 .5 2.3 0 .0 4 .8 6 .9  24.9 39.9 0 .0 3 .8 6 . 1 0 .0 0 .0 11 .4
87.6 0 .0 20.1 6.1 1 .0 5 . 1105.9 34.0 2.5 10.2 1 .8 5.3 20.1 10.2
23.9 8 .4 38.9 23.9 5 .8 1 .3 26.7 4.3 27.7 28.4 5.1 29.5 2 0 . 8144.3
0 .5 9.4 1 .8 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.5 0 .0 0 .5 30.2 7 .9
0 .0 18.5 52.1 0 .0 0.3 11 .4 1 .0 0 .0 46.7 5.8 0.5 0 .0 11 .4 21 .3
0 .0 0 .0 0.5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 11 .9 8.1 4.1 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 5.1 21 .3 9 .4 0 .0 0 .0 0 .0 0 .0 0 .0 0.3 0 .0 6 . 6 0 .3 1 .3
8.1 0 .0 0 .0 0 .0 25.4 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0.5 15.7 0 .0  45.7 0 .0 0 .0 0 .0 0 .0 0.3 1 .8 0 .0
0 .0 0 .0 3.6 0 .0 9.9 0 .0 5 .8 0.5 5.3 1 .0 0 .0 1 .8 5 .8 0 .0
0 .0 0 .0 1 3 . 0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .3 0 .0 4.6 8 .4 0 .0 33.5
0 .0 16.3 0 .8 0 .0 32.5 26.9 0 .3 0.3 4.3 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .3
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 2 .8 1 .3 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .8 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 1 .0 0 .0 0 .0
0 .0 0.3 0 .0 0 .5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .8 0 .0 0 .0 0 .3  17.0 51 .3 1.5 0.3 1 .0 0 .0 0 .0 0 .5
0 .0 0 .3 0 .8 1 .8 2 .0 1 .3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 5.3 0 .0
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0 .0  -44.2 50.0 16.0 0 .0 0 .5 7 .6 6 .9 1.5 0 .0 0 .0 1.5 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 51 .8 0 .0 0 .0 0 .0 22.4 2 .3
0 .0 0 .0 10.9 0 .0 0 .0 0 .0 0 .0 0 .0 26.7 18.3 3.3 0 .0 0 .8 0 .0
23.9 2 .0 5.3 15.7 1 .3 6 .9 7 .4 4.6 0 .0 16.3 11 .2 4.1 0 .0 16.0
4.3 7 .9 10.2 3.3 0 .0 41 .7 13.7 12.2 0 .0 10.2 0 .0 0.5 16.5 0 .0
1 .5 0 .0 0 .0 0 .0 0 .0 0 .0 1 .8 8 .6 3 .8 0 .0 22.4 0 .0 1 .5 0 .0
0 .0 0 .0 0 .8 0.3 3.0 2.0 0 .0 0 .0 0 .0 0 .0 0.0 0 .8 2.3 57.2
3 .6 0 .0 1 .5 0 .3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0.0 0 .0 0 .0 0 .0 0.3 0 .0 1 .5 5.6 18.3 23.1 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .5 0 .0 2 .0 1 .0 0 .0 0.5 0 .0 7 .9
0 .0 0 .0 0 .0 2.0 0 .0 0 .0 0 .8 0 .0 0 .0 8.1 34.8 11 .2 5.6 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 14.5
1 .5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 6.1 0 .0 0 .0 0 .0 1 .8 2.3 0 .0 4.3 0.3 24.6
66.0 0 .0 0 .0 0 .0 0 .0 1 .8 0 .3 0 .0 0 .0 7.6 0 .0 0 .0 0 .0 1 .3
9 .9 0 .0 26.7 84.6 18.0 0 .8 0 .0 0 .0 2 .0 0 .0 0.5 0 .0 0.3 0 .0
0 .0 8.4 0 .0 1 .8 0 .0 0 .0 51 .3 2 .0 5.1 39.1 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 72.4 2 .0 0.5 0 .0 0 .0 0 .0 0 .0 0.3 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.5 0 .0 0 .0 0 .3
0 .0 0 .0 0 .3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 4.1 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 1 .8 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.5 0 .0 0 .0 0 .0 14.7
52.8 0 .0 0 .0 0 .0 3 .0 8.1 19.1 7.1 2.3 0 .0 0 .8 63.0 12.7 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 2.3 0.5 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .8 57 . 7118.6 3.6 24.6 0 .0
8 .9 23.1 73.7 3.3 2 .0 1 .8 3.3 4 .8 22.1 10.9 20.6 7.6 19.1 3 .3
0 .0 0 .0 0 .0 8.1 5.1 0 .0 26.9 10.7 88 .4 8 . 6 0 .0 0 .0 23.6 19.3
46.2 0 .8 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 1 .3 2.3 30.0 4.3 32.5 4 .8
5 .8 0 .5 6 .9 4.1 1 -3 62.0 3 . 3120.1 5.1 21 .1 43.7 26.7 1 .0 4 .3
0 .8 0.5 0 .0 0 .0 0 .0 0 .0 0 .0 0.3 0 .0 26.7 34.3 24.9 74.2 0 .8
0 .0 0 .0 0 .0 8 .9 1 .0 1 .3 0 .0 0 .0 0 .0 2 .8 0 .0 7.1 0 .0 5.3
1 .0 0.5 1 .3 0 .8 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 3 .8 89.2 18.0 45.0 10.9 7 .9 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .8 0 .0 0 .0 7.1 0.0 0 .0 1 .3 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 8 .9 0 .0 0 .0 0 .0 4.3 0 .0
0 .0 0 .0 2 .8 51 .6 0 .0 0 .0 0 .0 35.6 10.2 0 .0 69.1 1 .3 1 .5 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .5 0 .0 30.5 1 .3
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 2 .0 23.1 0 .0 1 .3 0 .0 6.4 0 .0 0 .0
3.6 5.1 0 .0 38.1 15.5 0 .0 0 .0 2 .0 0 .0 48.8 0 .0 17.0 0.5 0 .0
3 .6 38.4 33.3 1 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0.0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .3 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .8 0 .0 1 .5 0 .3 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.5 0 .0 0 .0 1 .3 0 .0
0 .0 0 .0 0 .0 0 .0 0.3 0 .0 0 .0 0 .0 0 .8 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 19.8 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
3.3 0.5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.3 0 .0 0 .0 0 .8 0 .0 0 .0 0.5 36.6
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
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0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0  0 .0 1 .0 2 .0 0 .3
0 .0 0 .0 0 .0  '79.2 1 .0 0 .0 0 .0  4.6 o . o  ;51.0  5.1 1 .0 17.8  ■16.8
0 .0 0 .0 0 .3 0 .0 5.6 3 .0 6.1 95.3  14.2 4 .8  0 .0 0 .0 0 .0 6.1
1 .8 2 .0 50.3  151 .1 2.3 0 .8 2.5  0 .0 0 .3 0 .0  0 .0 0 .0 0 .0 0 .8
8 .4  ;27.2 15.7 1.3 0 .0 8.6 0.3  0 .0 0.3 9.1 54 . 1124.0  42.4 8.1
2 .8 11 .2 54.6 12.7 -1-3.7 0 .0 0 .0  0 .0 3.8 18.0  0 .0 4.6 0 .0 0 .0
0 .5 0 .0 0 .0 0.5 0 .3 6.1 15.2  29.2 0 .0 1 3 . 2  3.3  '16.8 2.5 10.9
0 .8 0 .0 0 .0 0.0 0 .0 0 .0 3.6  1.0 0.5 0 .0  0 .0 4.1 1 .3 6 . 6
0 .0 7 .9 17.0 33.8 0 .0 0 .0  ;27.9  34.0 0 .3 0 .0  2.0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 1 .0 3 .0  0.5 0 .0 1 .8 1 .3
0 .0 0 .8 1 .0 6.4 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0
8 . 1108.0 0 .0 0.3 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 1.5 1 .5 9.4 0 .0  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 3 .3
3 .3 0 .0 0 .0 0.0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0
0 .0 18.3 75.7 0 .0 0 .0 31 .8 0 .0  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0.3 0 .0 0 .0  16.0 0 .8 3.6 0 .0
0 .0 0 .0 1 .3 5.6 0 .0 0 .0 0 .0  16.0 0 .0 16.0  2.3 0 .0 0 .0 1 .5
0 .0 4 .8 0 .0 9.1 34.3 0 .0 0 .0  0 .0 0 .0 0 .0  0 .0 0 .0 0 .8 29.0
0 .8 0 .0 0 .0 0.5 0 .8 4.6 5.3  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .5
1 .5 0 .0 0 .0 0 .0 0 .0 0 .0 1.3  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 1 3 . 2
0 .0 5.1 0 .0 0 .0 0 .0 0 .3 0 .0  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 5.3 1 .3 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0  0 .0 0 .0 0 .5 0 .0
0 .0 0 .8 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 2.3 0 .0 0 .0  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 8.1 0 .0 0 .0  0 .0 0.0 0 .0  0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .8 0 .3 0.3 0 .0 0 .8  0 .0 0 .0 15.5  6.4 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0
1 3 . 0 11 .9 2.5 0 .0 3.6 34.0 1 4 . 7108.2 0 .0 0 .0  2 .8 0 .0 0 .0 0 .0
0 .0 0.51 H .3 2 .8 2.0 0 .3 60.5  0 .0 0 .0 0.5  1.3 0 .0 0 .0 0 .3
31 .2 0 .0 0 .0 0 .0 0 .3 0 .0 0 .0  0 .0 0 .0 36 .8  2 .8 2.5 0 .3 1.5
0 .0 2.5 41 .1 6.6 30.0 1 .8 3.6  0.5 13.0 8 . 4139 . 2145.8 2.3 0 .0
0 .0 0 .0 2 .0 3 .0 0 .0 0 .0 2.3  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .3
0 .0 0 .0 0 .0 0 .0 12.7 0 .8 0 .0  0 .0 0 .0 0 .3  4.1 25.1 0 .0 0 .0
0 .0 0 .0 12.2 0 .0 0 .0 0 .0 0 .0  0 .8 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0
1 .8 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0.0 0 .0  0.5 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.3  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  5.3 5.6 9 .4  12.7 0 .0 58.7 3 .8
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 8 .9  21 .3 5.3 0 .0  0 .0 10.9 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 99.6 3 .8  3 .8 0 .0 0 .0  0 .0 26.7 3 .0 12.7
10.2 0 .0 0 .0 0 .0 0 .0 0 .0 3.6  1.3 0 .0 57.7  0 .0 0 .0 1 .5 7 .4
2 .3 18.0 17.3 0 .0 0 .0 0 .0 0 .8  0 .0 0.0 0 .0  0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 9.7 0 .0  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0  0.0 0 .0 0 .0 1 .0
8.1 24.1 0 .5 5.1 1 .0 0 .0 0 .3  0 .0 0 .0 0 .0  0 .0 0 .0 3 .0 0 .0
0.5 3.6 0 .0 0 .0 0.3 0 .0 0 .0  0 .0 0 .0 0 .0  0 .0 0 .0 0 .3 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 2.5 1.0  2 .8 0 .8 1 .0 0 .0
0 .8 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0.0 0 .0  0 .0 0 .0 0 .0 0 .0
365
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 2 .8 16.3 8 .6 9.9 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 2.5 7 .9
1 .0 0 .5 0 .0 0 .3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 1 .8 56.9
1 .5 0 .0 0 .8 2.3 3.3 42.2 1 .0 32.5 8.6 3.6 2.8 0 .0 6.9 0 .0
1 .0 6 .4 54.6 16.8 1 5 . 0 2.3 14.5 0 .0 0 .5 5.3 0.3  48.8 40.1 0 .0
0 .0 0 .0 33.5 1 .0 4 .8 36.6 1 .0 97.0 0.5 0 .3 2.5 0 .0 0 .0 1 .0
1 .5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  74.7 26.9 1 .3
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.5 0 .3
5.1 0 .0 0 .0 0 .0 21 .3 0 .0 13.7 2.3 0 .0 2.3 0 .0 0 .0 0 .0 0 .0
4.1 0 .5 6.6 2.5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 7.4 5.8 6 . 6 3.6 0 .8 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  16.3 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 4.6 9.4
0 .0 3 .3 0 .0 0 .0 53.3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 49.5 0 .0
0 .0 0 .0 0 .0 0 .0 1.5 32 .8 0 .5 4.3 0 .0 4.6 7 .4 7.1 4.1 39.1
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 63.0 27.4 0 .0 0 .0 0 .0 1 .0 0 .0 10.4
0 .0 0 .0 20.6 0 .0 5.3 0 .0 1 .5 1.3 0 .0 0 .0 0 .0 0 .0 4 .8 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.0 0 .0
0 .3 0 .0 1 .3 0 .0 0 .0 0 .0 0 .0 0 .0 0.5 1 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 1 .0 1 .5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 2.8 39.4 1 .0 8.1 15.2
0.5 0 .5 4.6 0 .0 0 .0 13.7 41 .4 0 .0 2.3 0 .0 0 .0 0 .0 0 .0 0 .8
0 .0 0 .0 0 .0 1 .3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  17.0 0 .0 0 .0
0 .0 13.7 0 .0 0 .0 0 .0 73.9 8.1 40.6 3 .8 0 .0 6.4 0 .0 16.3 20.3
6.6 1 .0 7.1 1 .8 0 .5 23.9 26.4 1 5 . 2 11 .9 0 .0 1.5 0 .0 0 .8 0 .0
0 .0 2.3 9.7 32.5 0 .0 0 .0 0 .0 0 .0 0.5 3 .8 0 .0 0 .0 0 .0 3.3
3 .6 2 .0 24.6 1 .0 2.5 17.5 7 .4 0 .0 0 .0 0.3 20.8 0 .3 0 .0 0 .0
11 .4 7 .9 0 .0 3.8 0 .0 2.5 0 .0 0 .0 0 .0 9.7 0 .0 0 .0 5.1 41 .4
9.1 2 .5 0 .0 0 .3 0 .0 0 .0 0 .0 27.9 9.1 0 .0 10.4 7 .9 3.6 0.3
0.5 9.9 47.0 17.3 23.9 36.6 49.0 31 .2 7 .4 0 .0 8.1 0 .0 0 .0 0 .0
17.0 1 .0 20.8 6 . 1 1 .3 2.3 0 .8 0 .3 0 .0 0 .0 0 .0 3.3 14.0 3.6
7.4 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
1 .0 11 .4 90.7 4.3 0 .0 6.9 1 .8 0 .0 1 .3 0 .0 0 .0 0 .0 0 .0 0 .0
5.6 19.1 0 .8 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 1.5 1 .8 0 .3 0 .0 47.5 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 6.6 0 .0 0 .3 14.7 0 .0
0 .0 0 .0 0 .0 0 .0 0.3 18.3 10.7 2.5 69.6 0 .0 0 .0 0 .0 7 .6 6 . 4
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 1 .5 9.1 0 .0 3.6 1 .3 0 .0 4.6 0.5
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 13.2 0 .8 15.0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 66.8 0.3 0.0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .5 0 .0 0 .0 17.8 0.3 0 .3 0 .8 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0.3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 1 .0 0 .8 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 10.7 0.5 0 .0 0 .0 0 .0 0 .0 0 .0 4.3 0.3 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0.3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
366
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 6.6 0 .0  56.5 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 4.1 0 .0 0 .0 0 .0 4.1 0 .0 0 .0 0 .0  27.4 0 .0 0 .0
0 .0 2 .0 0 .0 0 .0 0 .0 0 .0 o .o  ;29.2 0 .0 0 .0 6 . 1 o .o  ■11 .4  55 .0
15.5 5.6 0 .0 5.6  l22.6  ;25.6 0 .8 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
5.1 0 .0 1 .0 5.6 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .5  16.8  ■42.7 2.5
10.9 11 .7 5 .0 15.5 25.1 0.5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .5 7 .4 2 .0 15.2 o .o  ;29.0 18.5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0.0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 7.4 0 .0 18.0 0 .8 0.5 0 .0 0 .8 56.6 0.5 2.5 0 .0
0 .0 1 .5 0 .0 0 .0 0 .0 0 .8 0 .0 11 .7 0 .0 0.0 0 .0 6.9 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 5.6 0 .0 0 .0 29.7 5.1 0 .0 5.1 0 .0 0 .0 0 .0 0 .0 8 .9 28.4
0 .0 1 .5 0 .0 4.5 54.8 1 .8 4.1 0 .0 5.5 4 .8 5.0 5.1 10.2 0 .0
57.2 9 .7  172.1 57.2 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 17.5 5 .0 19.1 0.5 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.5 1 .8 0 .0 0 .0
0.5 0 .5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 4.1 21 .6 4 . 1 2.5 2 .5
0 .0 1 .5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 1 .5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0.5 0 .5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0.0 0 .0 1 .8 2 .0 0 .0 0 .0 0 .0 2.0 19.1
22.6 58.7 2.5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 8.1 0 .0 0 .0 0 .0 0 .0 0 .0
25.6 5 .0 0 .0 0 .0 0 .0 5.6 7 .6 2.5 11.7 2.5 0.5 0 .0 2 .0 7 .4
0.5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 16.8 50.2 19.1 7.4 10.2 12.2 15.0  17.0 0 .8 50 .0
2.8 29.2 0 .0 0 .0 0.5 20.5 16.5 21 .5 0 .0 0 .0 5.5 0.0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 59.9 9.4 0 .0 0 .0 0 .0 0.5 0.5 0 .0 0 .0 2.5
1 .0 5.6 0 .0 0 .0 2.5 0 .8 0 .0 2.0 6.9 51 .5 17.8 7.6 45.7 58.2
224.8 57.4 2 .8 24.6 5 .8 54.0 7 .6 55.6 5.6 1 .5 0 .0 0 .0 0 .0 0 .0
2.8 0 .0 1 .0 0 .0 8.1 0 .0 2.0 8.4 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.5 1 .8 10.2
0 .5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 12.2 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.0 0.0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 11 .7 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 1 .8
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.0 0 .0 0 .0
0 .0 4.5 0 .0 7 .4 0 .0 0 .0 5.6 0 .0 0 .5 0.5 10.2 0.5 54.0 0 .0
0 .0 0 .0 1 .5 14.5 1 .8 59.6 2 .0 7 .4 7 .4 1 .0 0 .0 0.5 6.4 0 .0
0 .0 14.5 7.6 9.4 2.5 0 .0 5 .8 8.4 0 .5 0 .0 27.7 2.5 25.4 6 . 6
10.7 25.1 11 .4 17.0 0.5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 . 0 . 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
1 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 19.1 0 .0 0 .0 0 .0 0 .0 0.5 0 .0 0 .0 0 .0
0 .0 1 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.0 0 .0 0 .0 0 .0 0 .0
367
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 7 .4 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0.5 3.0 10.9 11 .4 0 .0 0 .0 4 .8 40.9 2 .0
0 .0 1 .8 12.7 56.4 1 .5 2.5 2.0 0 .0 0 .0 0 .0 1 .0 18.5 2.5 35.1
10.7 20.8 4 .6 52.8 31 .8 0 .0 7.1 3 .8 0.5 0 .0 6.6 26.7 1 .5 1 .5
0 .3 17.0 4.1 0 .0 0 .0 62.7 14.0 3 .3 0 .0 0 .0 1 .8 6.4 3 .8 41.1
4.1 0 .0 0 .0 1 .5 2 .8 24.4 0.5 5.6 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 1 .0 15.5 0.5 3-8 0 .0 0 .0 0 .0 6.4 11 .4 0 .0 0 .0 0 .0 0 .0
3.8 0 .0 0 .0 0 .0 0 .8 0 .0 6.9 5.1 8 .9 1 .8 5.1 56.1 3.0 0 .3
2 .8 4.1 31 .2 7.6 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 4.6 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .8 0 .0 0 .0 0 .0 0 .0 8.6 0 .0 0.0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 3 .0 0.5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 35.6 43.4 1.5 0 .0 0 .0 0 .0 0 .0 0 .0 1 .3
8 .9 0 .0 0 .0 19.6 0 .0 0 .0 0.0 0 .0 5.8 30.5 0 .0 8.1 0 .0 0 .0
0 .0 26.4 1 .8 0 .0 1.3 0 .0 0 .0 0 .0 1 .0 0 .0 0 .0 1 .3 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 6 . 1 14.2 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .3 0 .0 5.3 7 .6 0 .0 0 .0 0 .0
2.8 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 1 .5 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 1 .8 0 .0 0 .0 0 .0 0 .0 0 .3 0.5 2 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 1 .0 0 .0 0 .0 1 .3 10.9 10.2
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .8 27.4 0 .0 0 .0 0 .0 0 .0 0 .3 0.5 0 .0 1 .3 0.5 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 17.3 0 .8 10.7 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0.0 0 .0 0 .0 0 .0 1 .8 0.5 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 2.5 61 .7 21 .1
0 .0 0 .0 3.0 0 .0 0 .0 0.0 0 .0 0 .0 0 .0 3.0 0 .0 22.9 2.5 0 .0
0 .0 1 .5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 2.3 0 .0 0 .0 0 .0
93.2 0 .0 3.8 2.5 4.3 4.8 3.8 0.5 18.5 1 .8 2.0 4 .8 1 5 . 0 28.2
1 .3 35.6 5.8 2.5 0 .0 0.5 11.7 4.3 6.1 2.5 0 .0 0.5 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0.3 0 .0 0.3 0 .0 0 .0 0 .0 0 .0 0 .0 15.5
1 .3 0 .3 0 .8 1 .3 1.5 0 .8 16.0 1 .8 5.1 13.5 4.3 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 11 .9 2.3 16.3 3.3 1 .0 10.7 16.5 0 .0 1 .0 0.5 0 .0
15.7 33.5 7.1 49.3 97.3 28.7 0 .0 47.0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0.5 0 .0 0 .0 0 .0 0 .0 0 .0 0.0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 2.0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 54.4 0 .0 22.1 19.3 3 .0 12.2
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .8 0 .0 0 .0 0.0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 4 .8 0 .0 3 .0 0 .0 0 .0 1 .8
12.4 3.6 0 .0 0 .0 17.3 2.3 1 .0 0 .0 4.1 24.1 34.5 0 .8 43.7 0 .0
0 .0 2 .8 72.9 0 .0 0 .0 0 .0 0 .0 0 .0 53.6 0 .0 0 .0 4.3 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .3 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 1 .3 0 .0 4.3 0 .0 0.5 0 .0 40.4 0 .0 0.3 0.3 2.3 5 .8 0 .0
1 .3 10.7 2.5 0.5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .8
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
4 .3 4.1 0 .0 0 .0 0.3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .3 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 5.8 0 .0 0 .0 0 .0 0 .8 0 .3 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
368
0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .8 0 .0 0 . 8148.8  29.2 1 .8
1.3  3.3 0 .0 0 .0 0 .0 2.0 13.5 0 .8 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
1.5  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.3 0 .8 0 .0 0 .0 0 .0  0 .0 0 .0
0 .0  0.0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  19.3 0 .0
0 .0  8.6 0 .0 0 .0 0 .0 0 .0 0 .0 0 .3 0 .0 0 .0 8.6 16.8  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 1.3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 8 .9  H .5 14.7
33 .0  0 .0 0 .0 0 .0 0 .8 0 .0 0 .0 0 .0 0 .0 0 .0 8 .6 0 .5  0 .0 7 .9
0.5  26.9 49.5 1 .3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .5
1.5  2.3 16.8 1 .3 4 .8 50.0 1 .0 0 .0 0 .0 0 .0 0 .8 0 .0  0.3 0 .0
0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 1 .0 0 .0  14.0 9.1
6 .4  0 .0 0 .0 1 .3 14.2 12.7 0 .8 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
4.3  19.3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 0 .0 0 .3 1.5 0 .0 0 .0 0 .0 0 .0 1.0  11.2 4.1
16.3  12.7 32.8 22.9 8 .4 0 .0 0 .0 0 .0 7.1 0 .0 0 .0 2.8  0 .0 0 .0
0 .0  0 .0 0 .0 0 .3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
0 .0  0 .0 18.8 0 .0 0 .0 0 .0 43.2 17.5 3.3 0 .0 2 .0 27.9  10.4 0 .0
0 .0  0 .0 32.0 0 .0 0 .0 0 .0 1 .8 0 .0 3.6 3 .8 4.6 0 .0  0.3 21.6
72 .9  1.0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 . 0129.8 0 .0
0 .5  0 .0 2 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 2.5 11 .2 0 .8  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0.5 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 0 .0 0 .3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
0 .0  0.0 0 .0 0 .0 4.3 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 1.0  1.8 41 .7
0 .0  25.4 3.3 8 .4 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 1 .3 0.3 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
0 .0  0 .0 31 .2 0 .5 0 .0 0 .0 0 .0 30.0 0 .0 0 .0 0 .0 0 .0  0 .0 1 .3
0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .3
12.2  0 .0 2 .8 0 .3 0 .0 0 .8 26.7 0 .0 0 .0 0.5 6 . 1 0 .0  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 16.0 0 .0 0 .0 0 .0 0 .0 1 .0 0 .0 0 .0  0 .0 25.4
0 .5  0 .0 0 .0 0 .0 1 .3 0 .0 0 .0 21 .6 4.3 5.6 27.7 10.9  1.5 1 .8
1.3  5.3 5.6 0 .8 7.6 2.0 1 .0 0 .0 0.3 1 .0 3.6 31.0  3.8 2 .3
1 .0  0.3 4.3 0 .8 3 .0 19.8 51 .8 15.0 1 .0 24.9 5.1 7 .6  10.9 1 .8
2.3  4.1 0 .8 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 1 .5 3 .8 31.5  23.4 0 .0
0 .0  0 .0 0 .0 2 .8 0 .0 17.3 11 .4 8 .9 6.4 11 .7 12.7 0 .0  0 .0 3 .0
2 .8  0 .0 0 .0 0 .0 0 .0 3.3 1 .3 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 1 .0
0 .0  0 .0 0 .0 2 .0 0 .8 0 .0 0.3 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 2.3 9.4 0.5 0 .0  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0.0 0.0 0 .0 0 .0 0 .0 0 .0  15.2 1 1 .7
2 .3  45.2 39.9 50.5 9.4 0 .0 0 .0 0 .0 1 .0 3 .8 21 .1 0 .0  43.7 0 .0
0 .0  30.5 8.6 10.9 2.0 0 .0 0 .0 0 .0 3 .8 25.4 0 .0 5.3  22.1 0 .0
3 .8  0 .0 0 .0 0 .0 0.0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 0.0 0 .0 0 .0 0 .0 0 .0 0 .0 0.3 0 .0  0.5 0 .0
0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.3 0 .0 2.5 0 .0 0 .0  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0  0 .0 0 .0
0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .3 0.3 0 .0 0 .8 1 .0 0 .0  0 .0 0 .0
369
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
4 5 . 2 1 . 0 0 . 0 8 . 6 0 . 0 0 . 0 1 .5 0 . 0 1 1 7 . 3 1 2 . 2 0 . 0 9 . 4 3 . 8 1 4 . 0
2 8 . 2 4 2 . 9 0 . 0 8 . 4 0 . 0 0 . 5 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 0 3 . 6 0 . 0 31 . 8 2 4 . 6 11 . 9 2 . 3 0 . 0 1 . 5 37.1 1 . 5 0 . 0 0 . 8 41 .1
3 . 6 3 3 -3 0 . 5 9.1 1 -3 2 . 5 5 . 3 4 .6 1 6 . 0 0 . 3 7 . 4 0 . 3 1 0 . 7 6 . 6
2 3 . 6 2 . 5 1 0 . 7 6.1 1 . 0 4 9 . 3 2 2 . 4 4.1 1 .5 7 . 9 2 . 8 8 . 4 0 . 0 0 . 0
2 . 8 0 . 0 0 . 3 1 6 . 8 0 . 0 0 . 5 0 . 0 1 4 . 0 3 4 . 0 0 . 0 0 . 3 2 7 . 9 5 0 . 5 0 . 8
0 . 5 6 . 9 1 5 . 5 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 5.1
0 . 0 0 . 0 2 . 5 8 0 . 5 1 .8 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
5 . 8 0 . 0 0 . 0 0 . 0 0 . 0 6 .1 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0
3 . 8 1 .5 1 5 . 0 0 . 0 0 . 0 6 . 9 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 5 . 6 1 .3
0 . 0 0 . 0 0 . 8 9 . 4 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 5
0 . 0 1 1 . 7 1 .5 3 . 6 0 . 0 0 . 0 0 . 0 0 . 0 5.1 0 . 0 0 . 0 0 . 0 0 . 3 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 31 .2 0 . 0 0 . 0 2 . 8 1 4 . 7 0 . 0 1 .0 1 .5
0 . 0 0 . 0 2 0 . 3 1 0 . 2 1 . 0 0 . 8 9 . 4 5 . 6 1 . 8 5 *6 2 . 3 1 . 8 1 .5 1 .3
4 9 . 5 3 0 . 2 0 . 0 4 . 8 2 7 . 2 4.1 5 4 . 4 0 . 8 1 .5 0 . 5 1 2 . 4 0 . 8 3 . 8 0 . 0
0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 4 0 . 0 . 0 . 0 . 0 . 0 .
0 . 0 . 0 . 1 .1 3 . 6 2 . 3 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 .
0 . 0 . 0 . 0 . 1 .6 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 8 0 .
0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 8
0 . 0 . 0 . 1 . 5 4 . 5 2 . 9 1 9 . 3 0 . 0 . 0 . 0 . 0 . 0 . 0 .
0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 .
0 . 0 . 0 . 0 . 0 . 0 . 0 . 9 7 . 2 0 . 0 . 0 . 0 . 0 . 0 .
4 . 3 0 . 1 .8 2 . 0 0 . 0 . 0 . 3.1 0 . 0 . 0 . 0 . 0 . 0 .
0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 .
0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 6 6 . 3 5 . 0 0 . 7 0 . 1 . 5 0 .
18 .5 1 7 .7 0 . 0.1 4 . 0 1 6 . 7 1 7 . 6 0 . 3 . 5 1 8 . 9 8 . 4 0 . 31 .4 1 .2
4 9 . 0 9 . 3 2.1 5 9 . 6 3 4 . 6 2 . 8 5 3 . 8 2 2 . 3 7 9 . 3 4 2 . 8 21 .1 3 . 0 0 . 0 .
2 5 . 8 0 . 0 . 0 . 0 . 0 . 1 4 . 8 7 . 4 1 .1 1 .0 1 7 . 4 2 . 4 0 . 0 .
2 0 . 7 7 . 4 1 4 6 . 8 1 . 9 1 .3 0 . 0 . 0 . 0 . 0 . 0 . 1 .5 1 .5 1 0 . 4
3 0 . 0 7 . 4 0 . 0 . 0 . 0 . 8 . 6 0 . 3 1 .0 0 . 0 . 0 . 0 . 0 .
0 . 1 . 7 0 . 8 2 6 . 9 0 . 5 0 . 0 . 6 . 0 4 8 . 9 6 . 5 1 .5 2 4 . 6 1 .1 2 . 5
7 . 7 1 . 0 0 . 0 . 0 . 0 . 0 . 0 . 3 . 6 0 . 3 . 6 7 . 0 0 . 0 .
0 . 0 . 0 . 0 . 0 . 0 . 2 . 0 0 . 0 . 0 . 0 . 0 . 0 . 0 .
0 . 0 . 0 . 0 . 1 6 . 8 0 . 6 0 . 4 0 . 0 . 0 . 0 . 0 . 0 . 0 .
0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 .
0 . 0 . 4 3 . 4 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 2 5 . 2 0 .
0 . 0 . 4 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 .
0 . 0 . 0 . 0 . 0 . 0 . 0 . 2 2 . 0 0 . 1 5 . 0 0 . 0 . 0 . 0 .
0 . 0 . 0 . 0 . 0 . 0 . 41 . 0 0 . 0 . 0 . 0 . 4.1 0 . 0 .
0 . 0 . 0 . 0 . 0 . 0 . 1 8 . 2 7 . 3 0 . 0 . 6 0 . 4 0 . 0 . 0 .
2 6 . 6 0 . 0 . 2 .6 3 6 . 3 0 . 4 . 9 4 0 . 3 0 . 1 5 .7 0 . 0 . 7 3 . 3 1 . 0
0 . 4 . 8 8.1 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 .
0 . 0 . 3 0 . 0 . 1 .3 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 .
0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 .
0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 .
0 . 0 . 0 . 0 . 0 . 0 . 0.1 1 4 . 0 9 6 . 3 0 . 5 0 . 0 . 0 . 0 .
0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 .
0 . 0 . 0 . 0 . 0 . 0 . 0 . 5 0 . 0 . 0 . 0 . 0 . 0 . 0 .
0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 .
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0 .0 0 .0  . 0 .0 0 .0  0 .0 0 .0 0 .0  'I 8 .6  0 .0 0 .2 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 1 .2 2.2 0 .0 0 .0
5 .9 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0.2 0 .0 0 .0 0 .0
0 .0 0 .0 1 .9 3 .3  0.6 13.3  '18.5  <50.9  53.6 0.1 5.0 2.1 ;31 .7 1 .6
94 .8 1 .4 0 .0 9.7  20.8  '93.9 18.5  :39.1 2.9 1 .6 0 .0 2.3 2 .4 7 .2
5.6 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 4.7 0 .8  ;26 . 7285.6  ;39.0
0 .0 0 .0 0 .0 3 .5  0 .0 0 .0 0 .0 0 .0  0.5 3.3  '12.0 0 .0 4.5 5.2
8 .5  '1 6.1 15.0 7 .9  1.5 0 .0 0 .0 3.3  0 .0 0 .0 0 .0 0 .0 0 .0 9 .4
110.6 3 .5 18.8 3 .8  0 .0 1 .7 0 .0 0 .0  0 .3 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 3 .2  5.9 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 21.3  0 .0 1.6 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .4
0 .0 3.5 1 .6 0 .0  0 .0 0 .0 8 .3 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .8
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 19.0 0 .0 0 .0 0 .0 21 .8
15.9 7 .4 3 .8 14.0  30.2 3 .8 0 .0 0 .0  0 .0 0 .0 0 .0 0 .4 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 3 .9 0 .0 0 .0  0 .0 0 .0 0 .0 23.8 0 .0 0 .0
0 .2 0 .0 0 .0 0 .0  0 .0 1 .4 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .4 0 .0  2.2 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  1 .1 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 1.5 0 .3 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 15.6  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0.2 3.6 0 .0
4 .5 0 .7 0 .0 5 .8  0 .0 0 .0 0 .0 1.8  12.9 24.3 3 .9 2.3 79.2 0 .2
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  1 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 15.4 40.3 39 .7
7 .0 0 .4 1 .3 0 .0  0 .0 0 .4 0 .0 34.7  8.2 21 .2 0.1 22.7 4.6 10.6
9.6 36.5 38 .0 0 .0  1.1 0 .0 7.2 7 .5  0 .0 4.4 6.7 5.8 4.5 12.5
24.5 6.5 1 .4 53.5  1.6 36.1 6.2 1 5 . 9  1.0 10.3 15.3 28.0 1 .3 8 .6
0 .0 15.3 0 .0 0 .0  2.0 1 .3 24.1 24.8  0 .0 6 . 1 27.2 1 .2 3 .4 0 .6
11 .8 6 .0 0 .0 0 .0  4.6 0 .0 0 .0 0 .0  0 .0 0 .0 0.6 4.2 0.2 0 .0
0 .0 0 .0 1 .6 11.6  0 .0 0 .6 0 .8 0 .0  0.1 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .2  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 4.2  0 .0 0 .0 0.7 0.4 0 .0 0 .0
0 .7 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 29.1 14.1
0 .3 0.3 1 .5 16.1 4.1 0 .0 19.2 0 .9  0 .0 61 .1 0 .0 0 .0 0 .0 0 .9
0 .0 19.2 2.7 0 .3  0 .0 0 .0 11 .1 0 .2  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
19.6 8 .2 1 .2 82.5  0 .0 0.5 0 .0 0 .0  0 .0 0 .0 0 .0 23.6 0.0 0 .0
0 .0 0 .2 0 .0 2.4  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .9 0 .0  0 .0 1 .5 20.0 6.2  0 .8 0 .0 2.7 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 11.2  0 .7 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 7.6 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0  0 .0 0 .0 0 .0 0 .0  2.9 0 .0 0 .0 0 .0 0 .0 0 .0
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0 . 0 0 . 0 0 . 0 0 . 0 0 .6 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 .0 0 . 0 0 . 0 0 .0 0 . 0 0 . 0 1 .5  :34 .6  -4-1 .1 2 5 .8  8 7 .0 1.5  0 .0 0 . 0
0 . 0 0 .3 1 .7 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0  3 .4 10 .2  9-5 11 .6
4 .9 1 .8  ;53.0 11 .4 0 . 0 0 . 0 0 . 0 0 .0 0 . 0 0 . 0  9 .5 28 .6  0 . 0 0 . 0
1 .4 3 . 7 4 . 3 0 . 0 0 . 0 0 . 0 2 5 .8 0 . 0 0 . 0 5 .7  0 . 4 18 .6  0 . 0 2 9 .4
11 .8 12.4 9 .3 67 .2 3 .7 18.3 5 2 .0 1 .0 1.1 0 . 0  0 . 0 3 . 8  2 .5 5.1
51 .4 0 . 0 1 .5 13 .2 0 .3 4 .3 0 . 0 11 .2 15 .5 0 . 0  0 . 0 2.1  0 . 0 2 .6
1 .2 0 . 0 0 . 0 3 . 0  38.1 0 . 0 1 .4 0 . 0 8 . 7 4 3 .7  0 . 0 2 .6  0 .0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 9 .7 1 5 .8  10.1 16 .5  30 .5 0 . 0
0 . 0 0 .0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 . 0 0 . 0 3 .9 4 .3 0 .9 0 .5 0 . 0 0 .0 0 . 0 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 9 0 . 0 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 .0 0 . 0 0 . 0 0 . 0  17 .8 0 .4 0 . 0 0 . 0 0 . 0 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0  9.1 0 . 0  0 . 0 0 . 0
7 .5 0 . 8 0 . 0 5 .9 0 . 0 0 . 0 3 5 .8 45 .6 1 .8 0 . 3  21 .9 10 .0  14 .6 6 .2
1 .0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0  0 . 0 3 3 .4  11 .0 0 . 0
7 .3 0 . 0 0 . 0 3 .0 0 .3 0 .0 0 .2 5 .2 0 . 0 0 . 8  0 . 0 3 6 .4  24 .3 0 . 0
0 .2 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 1 .0 2 .9 6 .6 3 .3 0 . 0 0 . 0 2.1  1.2 0 . 0  0 . 0 0 . 2
0.1 0 . 0 0 . 0 1 .9 0 . 0 0 . 0 0 . 0 1.5 0 .3 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 .0 0 . 0 0 . 0  0 . 0 0 . 0  0 . 0 5 .4
0 .4 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0  22 .3 2 .2  0 . 7 29 .6
12 .9 0 . 0 0 . 0 0 . 0 0 . 0 0 .0 2 .2 14 .9 0 .5 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 4 0 . 0 0 . 0 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
3.7 0 .0 0 . 0 0 .0 0 . 0 0 .0 0 . 0 28 .2 13.0 0 .6  0 . 0 0 .0  0 . 0 0 . 0
21 .1 0 . 0 0 . 0 0 . 0 9 .6 0 . 0 0 . 0 6 .3 0 . 0 3 9 .5  6 . 0 1 .5  0 .5 2 4 .0
4.1 1 .8 2 .6 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0  0 . 0 0 . 0  0 .0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0  0 . 0 3 .5  47.1 0 . 0
0 . 0 0 . 0 17 .2 23 .8 0 . 0 10 .8 8 .2 0 . 0 0 .2 13 .9  15 .0 14 .9  16.7 0 . 7
3.1 0 .7 2 . 0 13 .6  4 2 .7 0 .0 0 . 0 0 . 0 0 . 0 12 .5  0 . 0 0 . 0  0 . 0 0 . 0
0 .0 0 . 0 0 . 0 0 . 0 2 .8 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 . 0 5.1 61 .3 2 .5  55 .6 26 .9 0 . 0 23 .4 0 .4 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 .0 0 .0 0 . 0 0 . 0 5.1 1 2 .8 15 .0 18.2 4 .6 0 . 0  0 .4 0 . 0  0 . 0 0 . 0
0 . 0 13 .6 1 .7 0 . 0 0 . 0 1 .1 0 . 0 0 . 0 0 . 0 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 .0 0 . 0 0 . 0 0 .0 0 . 0 0 .0 0 . 0 0 . 0 0 . 0 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 .0 0 . 0 0 . 0 0 . 0 0 . 0 0 .0 0 .0 0 . 0 0 .0 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 .0 0 .0 0 . 0 13 .0 0 .0 0 .0 0 . 0 0 . 0 3 .9 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 3 .5 0 . 0 3 7 .9 1 .0 16.1 0 .5 21 .5  0 . 0 0 . 0  0 . 0 0 . 0
0 .0 0 . 0 0 . 0 0 .0 0 . 0 0 .0 0 . 0 1 .1 0 . 0 0 . 0  0 . 8 10 .2  0 . 0 3 . 0
8 . 6 2.1 0 . 0 0 . 0  2 2 .0 0 . 0 0 . 0 19 . 0 0 . 0 0 . 0  5 .6 10 .8  0 . 0 2 8 .5
3.1 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0  7 . 0 55 .0  5 .8 0 . 0
0 . 0 26 .6 0 . 5 2 6 .0 8 .5 1 .5 0 . 0 0 . 0 18 .0 3 .2  4 .2 0 . 0  3 . 0 0 . 0
0 .0 3 .6 0 . 0 0 . 0 0 .0 0 .0 2 .3 0 . 0 0 .0 0 . 0  0 . 0 7 .6  1.4 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 .5 0 . 0 0 . 0 5 .5 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0  0 . 0 0 . 0  0 .3 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0  0 . 0 0 . 0  0.1 1 . 0
0 .0 0 .0 0 . 0 0 . 0 0 . 0 0 .0 0 . 0 0 . 0 0 . 0 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 4 .7 0 . 0 0 . 0  0 . 0 0 . 0  0 . 0 0 . 0
0 .0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0  0 . 0 0 . 0  0 .0 0 . 0
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0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 6 .0 55.5 2.5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 17.7 1 .0 46.2 8.5 0 .0 51 .6 12.5 14.5 6.5 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 1 .8 0 .0 0 .0 0 .0 0 .0 0 .0 42.2 27.0 12.7 15.5 7 .7
1.6 4.5 11.5 5.1 52.1 2 .8 9 .4 0 .0 4.7 0 .0 0 .0 5.7 25.0 2.5
0 .0 18.0 10.6 7 .0 1 .1 0.2 5.6 5.4 26.5 0 .7 11 .8 2.2 40.8 1 .4
0 .0 5 .4 16.2 10.6 0 .0 5.6 20.1 40.4 7 .7 0 .0 0.6 0 .0 0 .0 0 .0
0 .9 2 .8 21 .5 0 .0 0 .0 0 .0 10.0 0 .0 16.3 7.1 0 .0 0 .0 5 .4 5 .7
0 .0 0 .0 0 .7 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 4 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 1.2 0 .0 0 .5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 50.6 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 2.4 5 .0 0 .0 5.5
0 .0 12.5 0 .0 0 .0 0 .0 2.5 42.8 44.5 17.2 0 .0 10.0 42.8 0 .0 1 .0
0 .0 0 .0 0 .0 0 .0 24.5 52 .8 1 .5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 6 . 4 2 .0 12.1 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0.5 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 7.5
0 .0 0 .0 0 .0 0.0 0 .0 0 .0 19.5 0 .0 0 .0 0 .0 0 .0 0 .0 0.5 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0
0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0 0.0 0 .0 0 .0
373
TABLE A4
DAILY OPEN - PAN EVAPORATION, MAHA ILLUPPALLAMA: 
2 September 1960 to 1 September 1983
6 . 4 8 7 . 5 0 7 . 5 1 5 . 3 4 7 . 2 7 7 . 2 9 4 . 2 8
3 . 2 0 4 . 9 6 3 . 2 3 7 . 3 5 3 . 8 4 5 . 1 1 5 . 7 9
5 . 9 7 7 . 2 8 5 . 3 6 7 . 7 3 4 . 7 5 6 . 6 7 6 . 8 7
3 . 7 9 3 . 1 4 3 . 5 2 3 . 5 7 4 . 0 7 5 . 4 2 6 . 3 6
2 . 7 6 1 . 8 5 2 . 3 9 5 . 7 3 3 . 7 3 5 .2 1 3 . 4 7
4 . 5 1 4 . 6 3 2 . 7 9 6 . 6 3 2 . 3 4 4 . 0 9 3 . 5 2
2 . 2 3 4 . 9 7 3 . 6 2 4 . 8 9 5 . 9 9 4 . 1 0 4 . 3 7
3 . 6 0 4 . 2 9 3 . 8 2 4 . 4 3 3 . 3 5 3 . 1 2 5 . 3 4
2 . 8 4 2 . 0 5 2 . 6 4 2 . 6 7 2 . 5 8 3 . 9 1 3 . 0 0
4 . 3 2 3 . 7 7 4 . 7 2 4 . 8 5 4 . 4 0 3 . 1 9 4 . 7 7
3 . 7 6 4 . 6 2 4 . 2 5 3 . 5 6 4 . 4 7 2 . 4 5 5 . 0 0
4 . 9 9 6 . 0 0 4 . 8 2 4 . 2 9 5 . 7 4 7 . 1 8 5 . 9 2
4 . 9 5 6 . 6 2 5 . 7 7 6 . 7 7 5 . 0 6 4 . 3 9 5 . 0 4
5 . 7 9 5 . 2 5 4 . 6 6 7 . 6 7 6 . 6 2 5 . 8 7 7 . 4 0
6 . 6 7 7 . 3 1 8 . 0 5 5 . 7 7 6 . 4 7 5 . 0 5 7 . 1 0
7 . 1 1 6 . 3 0 6 . 2 0 7 . 3 1 6 . 6 2 7 . 6 1 6 . 3 7
2 . 6 5 6 . 0 8 5 . 2 9 3 . 2 2 5 . 6 8 5 . 2 6 5 . 0 7
5 . 9 8 4 . 4 9 7 . 1 8 4 . 8 6 5 . 9 3 5 . 6 8 5 . 8 6
5 . 7 5 5 . 1 3 4 . 9 7 5 . 2 3 6 . 1 4 8 . 1  9 7 . 8 2
7 . 2 2 5 . 0 4 5 . 2 7 5 . 0 8 3 . 4 7 5 . 3 7 4 . 8 5
2 .8 1 6 . 4 0 5 . 8 5 6 .4 1 6 . 1 8 2 . 1 6 5 . 5 8
4 . 9 8 4 . 4 3 7 . 5 8 3 . 8 5 7 . 3 9 4 . 9 1 7 . 2 2
7 . 8 7 7 . 6 0 7 . 0 9 7 . 0 0 5 .7 1 7 . 7 1 7 . 1 5
7 . 5 7 5 . 1 6 7 . 2 6 6 . 5 5 6 . 0 7 6 . 1 3 5 . 9 9
7 . 4 2 5 . 4 8 7 . 6 9 6 . 2 5 6 . 7 5 7 . 0 6 8 . 0 2
6 . 7 3 7 . 6 5 5 . 9 0 6 . 8 3 7 . 1 6 7 . 9 5 8 . 5 9
7 . 5 0 6 . 4 8 6 . 8 6 5 . 2 7 6 .1 1 5 . 9 4 4 . 5 6
6 . 8 7 4 . 9 5 7 . 8 4 7 . 7 7 8 . 4 1 6 . 8 7 6 . 6 0
5 . 7 1 5 . 8 6 6 . 6 4 4 . 2 8 7 . 0 8 7 . 5 3 5 - 3 5
4 . 0 4 7 . 8 4 4 . 7 6 3 .8 1 5 . 1 2 6 . 1 7 5 . 7 0
1 . 0 7 3 . 0 3 5 . 3 5 3 . 9 6 4 . 5 4 3 . 0 2 4 . 8 1
2 . 2 7 4 . 2 8 6 . 8 2 2 . 8 6 5 . 2 4 5 . 1 8 3 . 9 5
2 . 3 2 2 . 2 9 4 . 4 2 1 . 7 9 4 . 4 3 2 . 6 9 3 . 7 1
3 . 2 5 3 . 2 2 5 . 7 5 2 . 6 4 5 . 0 4 3 . 2 3 5 . 4 6
2 . 3 2 3 . 2 4 3 . 0 2 2 . 7 3 3 . 2 4 3 . 7 7 5 . 4 3
3 . 4 5 4 . 0 7 5 . 1 6 4 . 1 7 4 . 6 2 5 . 2 5 4 . 1 7
4 . 4 6 4 . 1 3 4 . 3 3 6 . 0 8 4 . 9 8 3 . 8 7 2 . 2 9
6 . 1 0 5 . 3 0 4 . 4 2 4 . 9 7 5 . 1 2 5 . 4 8 6 . 1 4
5 . 7 2 6 . 0 8 6 . 0 0 6 . 4 2 6 . 1 2 6 . 1 8 6 . 4 3
5 . 2 4 4 . 2 8 6 . 3 8 5 . 2 3 6 . 1 3 6 . 9 3 6 . 9 9
6 . 2 0 7 .5 1 5 . 7 8 6 . 3 2 6 . 2 6 6 . 9 0 6 . 2 7
6 . 0 8 7 . 0 8 6 . 7 4 6 . 3 5 6 . 8 5 5 . 8 3 7 . 2 2
7 . 1 5 5 . 7 9 3 . 3 6 5 . 5 8 5 . 8 7 5 . 3 4 4 . 2 1
5 . 6 4 3 .2 1 7 . 3 3 4 . 5 4 6 . 1 0 5 . 8 0 4 . 4 3
4 . 4 0 3 . 8 8 6 . 0 9 3 . 9 0 7 . 0 9 4 . 9 1 3 . 9 8
5 . 6 2 4 . 2 6 4 . 2 0 6 . 4 4 5 . 1 6 7 . 1 8 5 . 7 6
7 . 6 9 7 . 5 7 5 . 3 3 5 . 1 5 5 . 2 2 4 . 9 3 5 . 7 4
4 . 8 0 6 . 7 6 4 . 7 3 5 . 8 6 6 . 5 2 5 . 7 8 5 . 5 9
5 .8 1 6 . 8 8 5 . 9 3 6 . 6 2 5 . 7 5 7 . 4 3 8 . 2 3
5 . 6 9 7 . 1 7 6 . 5 5 6 . 6 0 5 . 1 9 6 . 7 9 5 . 6 0
5 . 1 2 5 . 0 4 7 . 9 4 4 . 4 8 6 . 5 4 7 . 1 5 5 . 7 9
7 . 6 3 6 . 41 7 . 5 2 7 . 6 7 6 . 1 3 7 . 6 9 6 . 4 0
(in mm)
4 . 4 5 3 . 2 2 5 . 0 6 2 . 3 7 4 . 8 6 6 . 8 5 7 . 3 8
7 . 2 1 7 . 3 7 7 . 1 0 6 . 9 0 5 . 7 4 6 . 7 3 7 . 0 7
4 . 9 5 4 . 4 6 5 . 9 8 6 . 2 6 5 . 5 2 3 . 7 5 7 . 2 9
6 . 1 7 6 . 3 4 5 . 0 3 7 . 4 0 6 . 4 3 3 . 3 7 2 .5 1
3 . 3 8 5 . 2 3 2 . 8 2 3 . 5 0 1 . 9 3 1 . 9 5 4 .3 1
4 . 1 2 1 . 9 0 5 . 2 4 4 . 9 2 3 . 6 1 2 . 7 7 5 .0 1
2 . 6 2 2 . 8 8 2 . 8 6 2 . 9 9 3 . 3 9 3 . 2 4 2 .4 1
5 . 5 0 2 . 7 3 2 . 6 9 3 . 3 0 1 . 4 0 3 . 7 2 3 . 2 5
5 . 2 7 3 . 8 1 3 . 7 9 4 . 0 9 2 . 8 5 3 . 9 8 4 . 9 9
5 . 4 4 0 . 7 7 3 . 2 8 4 . 5 9 4 . 4 4 5 . 0 5 2 . 8 3
2 . 9 9 6 . 0 7 4 . 3 3 5 . 5 0 5 . 0 0 5 . 4 7 5 . 0 3
4 . 2 4 5 . 6 7 6 . 9 3 6 . 6 6 5 . 2 8 4 . 8 3 5 . 6 7
5 . 6 7 7 . 2 8 5 . 7 6 5 . 7 4 6 . 4 3 7 . 0 6 6 .6 1
6 .9 1 5 . 0 2 5 . 9 2 5 . 9 4 5 . 0 8 8 . 3 0 6 . 6 5
5 . 8 2 2 . 7 6 5 . 6 6 6 . 3 8 8 . 0 7 5 . 6 4 5 . 4 4
6 . 3 9 5 . 6 3 4 . 7 2 7 . 7 9 6 . 1 5 4 . 6 7 3 . 0 2
5 . 0 7 5 . 0 9 5 . 1 0 6 . 0 3 3 . 6 6 7 . 2 6 6 . 3 9
4 . 6 4 3 . 9 1 6 . 9 2 5 . 5 0 1 . 2 5 5 . 3 0 5 . 5 2
6 . 1 3 7 . 1 2 7 . 5 1 6 . 2 4 6 . 8 2 3 . 7 3 6 . 6 5
7 . 0 2 2 . 5 2 5 . 7 5 6 . 6 4 4 . 3 9 4 . 8 1 6 . 5 9
7 . 4 6 2 . 8 8 4 . 1 6 4 . 6 4 4 . 2 0 6 . 4 4 6 . 1 3
6 . 7 9 4 . 9 4 7 . 5 5 6 . 8 6 5 . 0 1 7 . 2 9 5 . 3 6
7 . 3 8 6 . 0 9 7 . 3 7 7 . 9 0 4 . 7 5 7 . 0 6 3 . 9 8
7 . 3 0 7 . 0 2 3 . 1 8 5 . 1 4 6 . 0 9 4 . 0 5 7 . 4 4
5 . 8 6 6 . 0 4 5 . 8 0 5 . 9 4 6 . 7 0 7 . 0 3 7 . 2 8
6 . 3 5 6 . 6 8 6 . 3 8 6 . 6 9 6 . 8 3 6 . 7 7 6 . 5 2
3 . 9 8 4 . 7 7 7 . 0 0 3 . 8 2 3 . 7 8 2 . 2 6 4 . 8 6
6 .0 1 5 . 1 9 6 . 7 7 6 . 3 5 7 . 1 6 6 . 8 2 6 . 7 4
5 . 8 9 6 . 6 3 6 .3 1 7 . 6 8 1 .41 5 . 5 0 4 . 3 0
3 . 9 4 5 . 7 6 7 . 7 5 3 . 3 3 4 . 4 8 4 . 7 1 4 . 3 2
3 . 6 8 2 . 0 9 4 .4 1 1 . 4 8 4 . 3 2 1 . 8 2 2 . 2 0
3 . 1 4 3 .2 1 4 . 1 9 4 . 1 0 3 . 4 3 5 . 5 7 3 . 4 2
5 .3 1 4 . 5 1 4 . 4 3 5 . 5 2 3 . 9 9 4 . 2 5 3 . 9 2
3 . 1 0 1 .81 3 . 7 4 4 . 8 4 5 . 3 8 4 . 1 7 3 . 8 9
4 . 0 7 4 . 5 3 2 . 8 3 2 . 6 6 3 . 1 9 2 . 7 4 4 . 0 9
5 . 3 9 3 . 6 8 5 . 3 6 4 . 9 2 5 . 2 8 3 . 2 3 3 . 0 8
4 . 9 2 5 . 2 3 4 . 5 8 4 . 6 9 4 . 1 9 4 . 1 9 3 . 2 9
6 . 6 4 6 . 6 2 6 . 3 2 5 . 5 6 5 .2 1 5 . 7 4 4 . 9 2
7 . 2 1 5 . 7 1 6 . 9 2 6 . 9 0 6 . 7 5 6 . 9 2 5 . 6 7
8 . 3 6 5 . 9 4 5 . 4 6 5 . 8 4 8 . 4 6 6 . 6 8 5 . 3 7
5 . 6 3 5 . 8 5 2 . 9 8 6 . 7 4 5 .4 1 7 . 2 8 7 . 0 2
7 . 4 2 6 . 1 5 3 . 6 4 2 . 0 6 5 . 5 8 4 . 2 1 7 . 5 3
5 . 2 8 7 . 5 8 4 . 0 7 5 . 2 3 6 . 6 0 7 . 1 2 5 .2 1
5 . 5 8 5 . 3 5 6 .1 1 2 . 1 3 6 . 4 0 6 .1 1 5 . 0 6
3 . 3 6 6 . 9 7 5 . 5 8 6 . 2 8 4 . 5 3 3 . 9 5 3 . 6 7
3 . 1 3 5 . 0 8 6 .6 1 5 . 6 0 7 . 1 1 4 . 7 5 5 . 8 8
5 . 4 3 4 . 3 6 6 . 3 6 6 . 4 5 6 . 8 9 4 . 9 4 5 . 6 7
6 . 0 5 7 . 4 5 6 . 2 0 4 .2 1 7 . 1 2 7 . 4 5 7 . 6 2
7 . 6 9 6 . 1 6 6 . 5 9 7 . 1 5 6 . 0 2 5 . 0 7 5 . 0 3
3 . 3 4 6 . 6 4 6 . 3 2 7 . 7 4 5 . 5 6 7 . 7 8 7 . 0 8
7 . 0 3 6 . 8 6 7 . 1 6 6 . 8 8 6 . 0 5 4 . 6 1 7 . 4 1
7 . 6 7 5 .9 1 6 . 7 0 5 . 9 6 7 . 2 7 8 . 0 0 7 . 5 1
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6.30 7.04 5.44 6.86 3-90 4.69 4.82
6.32 4.17 7.87 7.03 5.46 5.26 6.74
5.98 7.09 7.19 6.39 5.97 7.98 6.29
4.24 5.24 4.45 4.75 5.37 5-46 5.68
3.04 2.56 3-53 5.48 2.22 3.93 2.86
2.01 1.02 3.60 6.57 2.45 3-45 3.94
1.55 2.18 3.40 5.11 5.63 6.19 5.44
4.92 4.48 4.79 4.79 3.04 4.48 3-53
2.73 3.96 3-05 3-59 3-89 4.08 2.88
4.94 4.15 5.31 4.80 3-95 5.06 4.29
4.74 4.17 5.03 5.61 5.95 2.68 4.77
5.61 5.52 5.70 3-24 7.21 7-30 6.63
6.67 6.09 6.05 5.18 4.35 4.85 4.75
4.82 6.53 6.57 5.82 5.89 6.62 7.33
6.92 5.91 7.32 6.18 6.53 3.56 4.80
7.12 5.72 7.09 6.03 6.23 7.26 7.04
5.23 7.65 4.56 4.31 6.05 6.85 5.23
2.88 6.86 1.39 3-38 3-47 4.94 5.66
5.69 4.63 5.53 7.29 6.78 5-98 8.59
6.18 5.16 4.29 6.97 4.89 7.32 3-33
4.72 6.95 6.05 4.39 6.66 3.24 5.54
7.66 4.47 7.35 5-55 7.42 7.06 7.02
6.45 6.52 7.82 5.46 7.57 6.43 6.76
7.04 7.38 7.10 5.24 5.74 5.47 4.98
7.61 6.12 5.31 6.23 4.62 6.33 7.40
6.55 6.23 5.27 6.12 7.41 6.21 7.40
8.15 4.29 7.51 7.67 5.27 6.05 5.65
5.11 2.90 4.94 4.56 4.84 7.54 7.29
6.02 6.20 7.56 9-03 3.92 7.66 6.52
6.55 6.52 5.00 5.77 5.16 4.94 4.44
2.72 2.18 1.37 3.62 4.22 5.67 3.23
5.38 3.31 0.94 3-91 4.58 4.68 3.12
2.82 4.77 5.52 5-24 4.04 6.11 3-72
3.63 4.50 2.36 5.93 3.50 5.27 3.93
4.12 2.80 2.09 2.84 2.90 3*79 4.01
4.44 4.38 4.43 5.39 5.32 3-58 3-55
4.48 4.26 5 .H  4.84 6.53 3-90 3.74
5-58 5-50 5.61 6.20 5.46 4.33 4.89
6.25 5.73 5.20 6.20 4.35 5-52 5.00
4.47 5.38 6.43 4.85 5.32 7.70 6.86
6.59 6.57 7.14 6.12 5.95 6.74 5.54
6.31 6.29 6.68 6.21 6.74 8.38 6.31
5.51 5.51 5.17 3.56 5.78 5.16 5.94
5.14 5.82 1.86 6.97 4.64 4.41 5.91
4.46 5.65 3.88 6.13 5.42 6.07 5.68
5.85 5.80 6.28 5-46 6.20 7.55 7.31
7.09 6.98 5.23 5.09 7.43 4.46 4.65
5.15 7.06 7.66 4.98 7.16 5.17 7.07
6.68 6.61 7.43 5-72 7.91 7.48 8.01
7.37 7.27 7.41 5.08 6.06 4.67 7.57
5.97 5.65 6.50 6.30 3-80 7.28 7.21
7.45 6.61 7.14 6.50 6.55 7.60 8.33
8.02 5.42 7.01 7.80 6.75 5.10 6.16
5.97 5.78 5-56 6.50 7.18 7.17 6.65
3.59 5.06 6.60 6.41 7.49 7.41 5.70
4.40 5.54 3.87 6.69 5.66 2.13 2.82
4.54 4.31 3.38 2.13 3.07 2.63 3*99
2.97 4.62 3.09 2.90 3.44 2.80 3.47
4.10 4.57 5.09 3.98 2.36 5.66 5.05
4.40 2.99 2.96 5.79 4.40 2.06 5.93
1.84 5.49 3.98 4.49 3-54 2.65 4.99
4.73 5.40 3.52 3.61 5.66 4.04 3-53
5.23 5.46 4.53 5.61 4.41 5.57 4.84
6.73 6.02 7.30 5.40 5.25 5-75 6.05
6.64 7.28 5.47 6.05 6.25 6.08 5.01
7.91 6.64 5.88 5.26 4.53 6.92 5.84
6.43 5.71 5.45 5.55 8.08 7.31 6.48
7.20 6.94 6.78 6.85 1.73 3-06 6.60
5.09 5.76 5.77 5.91 4.01 5-55 6.90
4.65 5.69 5.12 4.89 1.91 4.60 6.07
7.09 6.40 7.37 2.20 7.34 7.11 5.30
7.00 6.04 3.15 5.21 6.41 3.75 4.74
4.67 6.80 5.48 6.63 3.63 7.09 5.16
7.40 6.92 7.03 7.30 7.44 7.18 5.57
8.27 7.04 4.44 6.92 5.18 4.79 5-78
6.25 2.90 4.79 6.75 6.80 7.33 6.57
6.21 6.86 7.66 6.20 5.96 8.09 6.28
6.72 6.94 6.86 6.00 7.96 6.54 7.42
6.89 5.66 6.61 4.24 2.56 3-34 6.08
7.41 7.39 6.80 6.21 5.48 7.12 6.26
7.47 6.88 6.10 6.61 6.19 5.03 5.68
6.41 3.74 5.72 6.05 7.34 2.92 5.32
5.09 4.68 2.75 3-39 1.67 2.26 1.24
5.01 4.51 3.71 4.17 2.97 3-35 4.84
3.78 1.80 4.17 5.13 4.48 3-57 4.51
4.08 2.78 2.10 2.94 5.18 5.10 3.80
1.85 4.42 3.43 4.13 2.46 3-73 3.05
4.92 3.60 5.10 5.15 4.72 4.45 2.36
1.86 5.16 5.02 4.01 3-70 4.90 5.62
6.21 6.64 6.58 6.73 5-47 5-93 6.04
5.72 6.77 6.12 5.62 6.93 5-91 7.20
7.91 6.39 5.87 6.07 6.48 5.98 5.49
6.28 7.06 7.41 1.65 7.02 7.12 6.33
5.94 7.15 5.21 2.59 2.54 2.91 4.71
3.55 4.80 7.78 3-98 4.52 7.14 6.32
5.02 4.11 5.72 3.35 2.88 5-90 5.24
5.01 4.46 4.64 2.24 7.27 5-43 5.24
5.96 4.84 3.14 3-98 6.78 6.16 4.74
6.25 6.15 4.70 5-49 4.32 5.62 4.26
6.81 4.13 6.47 5.84 7.39 6.49 7.57
7.24 5.97 7.36 6.92 6.82 6.24 5.08
6.56 1.19 3.15 7.45 6.16 4.37 7.18
7.54 6.55 4.71 5.14 7.82 5-74 7.42
7.54 7.98 6.96 7.84 8.37 5.47 5.74
375
6.83 6.94 5.04 7.35 4.98 6.11 6.49
6.49 5.60 4.56 4.57 5.21 5.85 3.61
5.83 6.85 5.69 6.91 5.62 7.02 7.22
3.78 4.71 7.07 3.13 2.38 4.92 4.69
2.79 1.79 1.97 3.24 2.33 2.59 4.05
1.67 4.01 4.54 2.35 2.77 3.75 3.39
1.95 4.11 2.23 1.97 2.79 5.10 3-15
3.44 3.60 2.30 5.16 2.89 3.48 5.92
3.12 2.41 3.45 3.19 3.60 2.61 2.73
5.25 4.44 4.04 4.75 4.37 5.23 3.60
4.86 4.28 4.28 5.84 5.46 4.78 4.99
4.52 6.14 5.43 6.52 6.57 5.74 7.05
6.96 5.93 5.69 6.37 5.66 5.85 3-90
6.63 5.16 4.37 7.38 6.74 5.83 7.52
5.67 6.84 8.37 6.95 6.26 5.59 5.56
7.29 4.89 6.28 6.74 5.87 7.57 6.98
4.10 5.31 6.54 4.27 4.40 5.67 5.84
5.65 2.16 3.82 5.70 3.62 5.78 5.64
5.37 4.84 5.39 5 . H  3.85 6.20 5.67
6.89 5.20 4.04 5.03 6.76 5.07 6.72
6.18 6.70 5.91 6.91 6.84 2.09 4.17
6.91 7.49 7.21 6.00 7.30 5-55 7.30
5.22 6.09 7.01 5.33 5.48 7.16 6.97
4.25 5.46 5.84 4.90 6.33 4.95 5.57
7.78 6.12 7.13 6.06 2.36 7.02 7.27
5.55 5.96 6.48 7.76 6.17 7.79 6.39
5.93 6.46 6.85 5-91 6.22 6.33 5.94
6.39 7.47 8.50 6.89 4.74 4.53 5.03
7.03 6.89 6.45 8.25 3-12 8.19 7.93
2.49 4.51 6.41 5.34 6.01 5-32 4.40
3.03 2.66 3.33 5.23 3*33 4.14 4.85
1.68 4.09 1.76 3.46 4.01 2.13 3-53
2.58 4.38 2.09 5-42 3-56 3-83 4.10
2.08 2.89 4.48 5.85 4.28 3-52 4.02
4.34 3.69 2.89 3*56 2.50 3-70 4.49
4.41 5 .H  5.50 4.02 4.24 3.79 4.42
3-33 3.98 4.94 3.72 5.50 5.05 4.23
3.22 4.63 5.81 6.37 4-92 6.31 4.74
6.75 6.72 5.75 6.23 4.96 5-30 3-79
6.02 4.99 6.55 3.18 4.86 8.09 7.00
5.76 5.76 7.10 6.60 5.84 6.98 6.57
6.35 5.21 7.13 6.47 5.51 7.91 7.43
5.34 3.84 4.42 4.12 5.91 6.64 5.46
3.48 5.03 5.31 4.20 6.13 4.61 6.29
5.67 4.66 4.06 6.97 4.92 8.49 8.61
5.36 6.46 6.55 4.17 5*69 5.36 3*58
3.50 5.91 6.96 5.11 7.52 3-07 5-56
7.61 4.82 7.44 4.92 6.73 6.38 5.21
4.59 6.97 7.65 6.02 5-48 7.43 6.21
6.18 6.71 6.33 5.04 6.48 6.72 6.27
5.52 7.68 5.55 7.86 3-53 4.24 8.93
6.76 5.81 5.61 7.73 6.74 5-98 7.53
6.71 2.97 7.83 2.70 6.73 6.27 7.39
5.60 5.78 6.85 6.33 6.60 6.73 6.62
7.54 7.48 7.57 7.30 7.44 6.03 4.65
5.51 3-85 5.65 2.07 5.01 2.17 3.81
5.20 3.82 2.14 4.94 2.22 3.26 2.78
5.11 4.22 3.19 2.29 4.53 2.65 2.98
4.64 1.98 2.93 2.97 4.76 5.63 2.55
4.24 3-18 3.16 1.06 2.02 4.16 4.19
3.81 3.75 3.65 2.97 4.23 2.22 5.01
4.59 1.23 5.24 5.29 4.10 3-75 2.58
4.76 5.53 5.64 4.53 4.08 4.57 4.68
6.37 5.35 6.75 5.60 5-39 4.64 6.14
6.36 6.59 6.97 5.40 6.91 6.71 6.47
5.03 7.85 6.13 5-48 6.87 7.73 5.98
5.34 5.06 7.09 5.57 7.62 6.83 6.72
6.81 6.59 3-34 5.24 1.44 5-94 6.78
5.55 5.56 6.98 5.12 5.91 7.36 6.45
4.94 5.34 4.93 4.76 3.91 5-32 5.14
5.72 5.25 6.12 7.39 4.43 6.88 5-51
7.41 4.39 6.20 6.85 4.97 3.82 4.95
7.37 5.75 6.72 5.61 3-36 5-96 4.36
5.56 7.11 7.38 7.57 6.99 7.56 7.54
6.32 4.70 5.25 7.94 7.30 6.86 6.51
5.50 5-51 5.39 7.22 6.32 6.19 6.68
7.39 7.03 7.34 7.56 6.11 7.67 4.42
6.70 7.06 7.79 8.40 7.72 6.12 7.59
8.14 4.70 5.77 2.67 4.97 7.49 3-48
6.24 6.30 6.34 6.07 6.67 6.82 6.17
5.11 3.28 7.04 6.69 7.40 5-07 7.06
3.88 3.68 3.29 4.61 7.27 3-67 3-05
3.31 4.99 2.22 4.10 2.31 1.93 4.37
3.12 1.57 3.30 5.39 4.35 3-44 4.56
5.65 2.24 4.13 3-30 2.92 4.17 2.77
5.11 3.86 3.72 2.74 2.87 2.74 3.21
2.02 4.60 5.02 5-43 3-38 4.66 2.67
5.22 3.05 5.23 5.34 5-51 5.24 2.81
4.35 4.98 3.91 5.78 4.81 4.55 5-56
5.56 6.31 7.21 5.49 5.12 4.31 6.09
6.62 6.24 7.42 7.76 6.22 6.94 6.79
7.84 8.18 6.24 5-39 4.41 8.40 5.68
6.73 1.41 5.71 0.83 6.93 5-78 5.88
5.68 5.57 2.56 2.35 3-39 3-71 3.43
5.16 5-31 5.60 4.54 4.91 6.46 6.09
4.15 3.72 7.12 4.48 2.93 4.85 8.07
6.20 4.52 7.37 6.86 4.97 3.83 5.88
6.50 3.69 5.26 3-96 4.21 7.38 5.97
6.13 6.00 6.45 6.10 3-90 6.40 6.51
5.16 6.66 5.92 6.79 5.45 7.49 7.48
7.64 7.91 7.22 7.45 5.51 6.03 5.86
7.53 7.11 4.48 5.65 7.52 4.75 6.49
6.22 6.14 6.26 5-94 7.60 7.07 4.50
8.39 6.36 7.71 6.55 6.34 8.43 8.53
376
7.99 8.28 6.59 7.19 5.21 6.71 6.79
2.22 7.56 8.05 4.68 8.64 4.20 7.15
7.27 5.98 7.57 9-45 4.64 6.19 6.58
5.26 7.04 5.77 5.16 2.75 5.15 5.15
4.28 1.21 1.97 4.65 5.75 5.98 4.57
5.58 2.65 4.01 8.15 5.56 2.52 1.56
2.58 4.89 2.54 5.27 5.06 5.16 4.74
5.12 4.75 4.40 5.11 4.18 5.87 5.08
4.22 2.58 5-78 5-40 2.95 5.26 4.11
4.74 4.72 4.64 4.64 4.14 4.50 4.95
2.91 4.15 5.98 5.05 4.15 4.78 5.12
5.51 5.57 4.65 5.45 7.28 6.72 7.18
6.66 6.09 5.92 5.26 5.15 5.65 5-59
6.77 5.89 6.11 8.20 4.77 7.04 6.16
5.50 5.81 5.85 6.95 5.75 5.82 4.92
6.95 5.55 6.85 6.91 7.06 7.28 5.60
5.58 5-55 5.85 4.10 5.01 6.85 4.40
2.52 7.15 4.19 7.12 5.76 5.20 6.26
4.56 5.47 5.10 7.16 7.21 6.45 9.08
5.79 5.98 2.67 5-51 5.71 4.76 4.55
5.95 6.65 5.69 6.70 6.01 5-15 5.12
4.69 5.78 7.57 4.74 6.70 7.52 7.48
4.55 6.80 7.89 8.55 6.06 6.55 6.99
4.77 7.16 5.95 7.47 6.17 4.90 5.25
5.10 6.98 7.12 7.08 7.57 7.26 5.45
6.95 7.59 5.95 7.46 6.87 5.97 7.75
7.58 7.51 4.60 7.80 6.56 6.55 7.90
6.60 5.26 5.88 6.02 5-57 6.02 5.82
6.14 5.26 6.49 6.51 5.40 8.69 7.87
7.65 4.65 7.45 2.76 5.49 5.64 4.91
2.98 1.25 2.60 6.04 5.57 4.87 5.54
1.71 1.80 4.64 5.78 4.29 5.15 2.56
2.75 5.99 2.55 2.75 5.80 2.56 2.12
2.14 4.24 4.56 5.56 5.57 5.17 4.01
4.25 2.57 5.29 5.08 5.85 5-91 5.25
4.58 5.42 4.00 4.57 4.55 5.28 4.65
5.67 4.50 4.65 5-55 5-99 5.84 4.49
5.72 5.42 5.85 4.68 5.64 6.44 6.46
5.54 6.05 6.26 5.20 4.55 5.18 4.11
6.48 6.45 5.48 4.75 5.11 8.05 6.84
6.67 5.89 6.15 5.81 5.72 2.99 5-47
6.25 7.50 6.75 8.10 6.78 8.12 5.74
5.50 6.62 5.44 5-54 6.18 7.07 5.94
5.09 5.45 0.85 5.28 4.55 4.95 5.59
4.41 5.11 4.85 5.95 6.29 6.56 4.65
4.42 5.80 4.29 4.85 5.16 6.58 6.58
4.98 4.66 7.12 6.54 7.11 2.15 5.01
5.55 4.09 6.21 7.50 6.90 7.47 6.54
4.97 6.01 6.55 7.65 6.55 6.98 8.19
4.28 7.05 6.55 6.11 5.52 4.80 5-99
7.07 4.59 4.79 5.90 4.71 4.59 7.52
7.28 7.86 7.15 6.45 6.55 5.66 8.10
4.56 4.61 4.72 2.82 6.92 2.72 6.87
5.10 7.05 7.12 6.25 7.07 7.56 7.14
5.98 6.71 7.82 6.47 5.80 4.11 5.68
5.58 6.51 4.75 4.87 6.01 5-55 5.22
4.55 5.59 5.02 4.52 1.64 4.65 2.41
3.45 4.25 5.96 4.84 5.19 4.14 5.51
5.51 4.86 5.17 4.61 5.68 4.80 5.74
4.20 5.02 1.10 0.57 2.88 5-70 5.67
2.55 5.42 4.58 5.68 2.88 2.27 2.79
5.91 0.77 5.66 5-99 4.79 5-74 5.55
1.98 4.51 4.50 4.55 5.26 5.00 4.77
5.47 4.92 7.28 7.20 5.68 4.81 5-95
6.29 5-92 6.87 5.57 6.88 6.19 4.68
6.10 8.14 6.15 5.54 6.44 6.04 5.91
5.21 5-14 6.92 5.40 7.09 6.16 5.89
6.15 6.01 5.10 6.11 4.74 6.15 6.18
5.55 5.75 5.55 4.29 5-76 5.74 6.65
2.85 4.90 7.09 4.58 5.45 5-95 5.66
4.22 4.74 4.50 6.99 6.91 2.55 4.82
6.69 5.49 7.16 6.75 6.72 5.71 5-56
5.00 5.25 6.18 5.25 6.02 7.48 4.59
6.87 7.05 6.75 7.45 6.95 6.22 6.96
6.56 4.90 6.76 7.06 5.22 4.44 4.67
4.90 5.77 5-98 6.64 7.02 5.80 6.25
4.44 6.59 6.79 5.79 6.58 6.74 6.99
7.85 6.54 7.45 6.68 6.41 7.64 8.51
4.73 5-98 7.69 2.63 5.03 5-49 4.97
7.75 6.09 5.18 6.02 6.49 6.97 6.69
6.60 5.59 6.55 6.51 5.75 5-71 7.15
4.79 4.10 5.85 7.19 5.58 2.96 5-59
5.64 5.84 2.06 5-95 1.16 2.25 5-76
5.81 5.67 5.15 5.55 5.21 5.81 5-57
5.55 4.76 2.28 5.09 4.91 4.65 5-60
5.52 2.94 2.80 4.47 5.50 4.40 2.94
5.28 5.47 5.08 4.45 2.74 5-51 2.54
5.87 1.50 5.60 5.46 5.67 5.14 5-22
5.05 5.64 5.80 5-51 5.52 4.15 4.51
6.67 6.25 5.59 6.71 5.40 5-58 6.55
6.49 6.68 5.62 5-52 6.26 6.14 5.22
5.55 4.79 6.12 6.00 5.40 5.94 6.20
6.88 5.70 6.88 4.74 6.89 6.76 6.08
7.04 7.54 2.65 7.78 4.95 5.70 4.97
5.78 5.05 6.41 5.08 6.25 6.05 7.04
2.78 4.45 6.74 4.56 5.17 6.11 6.25
6.75 5.75 6.61 6.62 4.64 5.41 7.14
6.87 5.78 7.15 5-75 4.50 7.12 5*50
6.55 2.97 6.61 6.10 6.06 7.29 6.25
7.25 7.25 5.28 5.95 7.44 6.66 6.74
7.92 7.99 6.19 8.19 5.55 7.52 4.58
6.40 1.52 7.22 6.85 6.56 5-58 5.95
4.50 6.55 6.57 6.75 6.71 7.90 6.25
7.98 6.86 5.84 7.21 6.45 6.87 8.27
377
6.46 5.07 6.59 5.88 5.12 4.54 7.02
4.56 8.21 6.34 8.10 6.39 7.04 3.89
3.63 6.95 5.54 8.13 6.88 8.70 6.34
6.48 5.61 4.66 5-47 3-99 4.44 4.48
2.51 1.62 3.09 4.50 3-81 5.26 3.00
2.88 2.92 3.12 2.12 4.20 1.65 2.23
2.87 4.78 2.18 3.60 3.50 2.50 3.83
4.82 3.70 3.26 5-93 3.81 3.67 4.72
2.91 2.91 2.59 3.04 3-29 2.56 4.36
4.73 4.84 4.24 4.18 4.60 4.38 3-76
3.37 4.41 4.38 4.50 7.57 4.25 5.23
3.41 5.31 5.33 3.89 5.82 7.50 4.04
5.45 6.45 5.82 5.25 4.72 5.14 3-96
6.54 6.32 4.48 4.24 4.21 6.54 7.20
6.44 6.18 5.93 6.80 5.56 3-75 7.80
6.94 5.67 6.84 5.33 5-98 8.49 6.64
3.70 5.80 4.71 7.02 6.14 7.42 4.88
3.10 3.98 2.97 7.23 5.21 4.54 5.56
5.36 3.50 4.63 6.32 4.48 5-95 5.64
6.38 5.68 3.83 4.43 6.40 4.67 3-19
4.03 6.99 6.43 5*51 5.74 4.24 4.64
6.63 4.59 7.03 5.80 7.61 5.03 5.70
7.80 6.58 6.82 6.89 5.84 8.17 6.85
5.21 7.36 6.81 4.69 5-49 6.94 6.29
4.79 4.77 4.83 5.82 6.11 5.56 4.54
5.24 6.39 7.16 6.52 6.55 7.82 7.60
5.73 5.76 7.18 5.33 6.36 5.01 6.80
4.61 6.21 7.81 5.66 3.80 4.90 7.40
7.49 6.95 5.84 9.40 7.04 7.01 7.67
6.60 3.11 5.20 3.40 2.88 4.32 5-78
3.84 3.40 3.03 5.14 5.61 4.95 4.09
1.84 3.63 2.86 5.73 3-42 2.81 1.06
2.77 2.36 1.43 3-35 2.78 2.28 3-19
2.75 4.36 2.66 3-58 4.29 3.18 5-38
3.03 2.65 2.54 3.64 2.52 2.78 2.80
5.05 5.27 4.20 4.46 4.32 5.25 3-92
3.85 4.33 4.76 5-47 5.65 3.48 3-33
4.32 5.49 4.99 6.88 4.70 4.87 5-75
5.39 5.76 6.00 5.63 5.85 6.10 3-55
4.52 5.67 5.27 7.04 7.20 7-35 7.37
6.51 5.75 8.42 6.40 6.24 7.37 4.97
6.56 6.56 6.06 7.49 6.42 7.02 6.27
5.92 7.31 6.42 7.41 4.97 6.16 5-46
3.32 2.94 2.33 7.00 3.65 5-93 6.00
5.29 5.35 3.86 6.93 4.63 7.47 5-55
6.50 4.89 3.32 5-52 4.95 7.29 7.44
5.80 7.58 7.06 7.42 6.30 3.18 5.66
4.38 6.10 6.96 5.83 6.57 7.57 5.78
5.83 6.49 6.59 6.85 5.79 8.18 6.88
5.74 5.99 7.53 6.35 5.95 7.14 6.79
6.57 6.24 7.41 7.06 2.40 7.11 7.84
7.42 5.87 4.81 6.71 7.30 6.60 7.60
5.16 3.30 4.77 4.84 3-35 5-38 1.90
7.00 6.16 7.31 6.95 5-43 6.38 5.83
4.28 7.51 6.28 6.43 5-70 4.66 4.03
5.67 4.03 4.09 2.29 5.88 2.03 5.49
4.86 4.17 2.14 3-58 1.99 2.42 4.19
3.54 2.49 5.80 2.38 3.89 3.07 5-38
4.84 2.29 2.33 5-31 3.72 4.73 5.00
5.42 3.08 1.16 1.81 1.25 5.00 3.22
4.00 5.21 3.83 4.98 3.77 2.24 4.04
3.80 1.25 3-38 4.51 3.93 4.14 2.49
3.79 5.40 4.08 4.44 4.96 4.32 5.19
4.99 4.84 5.63 7.53 5.60 4-32 6.33
6.00 6.65 6.50 6.24 7.33 6.81 5.70
7.01 7.57 6.03 5.60 6.89 5.29 7.20
6.30 5.46 6.57 3.52 8.03 5.27 5.46
6.52 5.69 6.67 6.73 4.64 5.83 2.60
3.49 5.12 5.58 5.33 3.86 7.35 6.69
4.11 5.73 6.67 3-38 5.89 5-36 4.92
6.43 6.31 5.67 4.66 4.43 4.62 6.21
7.44 6.69 6.45 4.93 4.11 5.82 7.11
6.82 3.68 5.43 4.21 6.55 6.35 6.72
5.39 5.12 6.85 6.84 5.08 7.09 5.42
7.08 8.18 5.48 7.26 5.01 5.92 7.39
5.14 1.45 4.14 5.36 5.81 5.86 7.48
7.18 6.39 6.97 6.43 7.15 6.84 6.22
7.51 6.12 7.00 6.84 8.40 7.56 7.53
5.95 7.10 6.36 7.00 4.96 2.70 7.41
6.76 5.64 7.31 6.20 5-36 6.95 5.82
3.67 5.85 7.07 6.09 5.82 3-75 6.65
3.45 6.34 4.79 5.84 7.13 3-68 3.94
4.06 3.66 2.57 4.08 2.27 4.22 2.30
3.63 5.05 4.31 5.25 3.10 4.29 5.05
3.50 5.21 5.20 4.98 4.46 3.02 4.55
3.29 3.16 2.74 3.12 4.83 5.05 2.95
4.24 5.70 3.73 4.31 3-56 3.63 2.82
3.74 4.70 3.81 4.04 4.61 4.65 4.08
4.59 4.46 3.67 5.19 4.71 5-39 5.18
5.88 5.09 6.43 7.16 5-46 4.19 5.55
6.63 7.04 5.44 6.39 6.18 5.76 6.28
4.51 7.92 5.69 5-50 5.82 6.00 6.99
7.26 5.90 5.57 6.06 7.75 6.44 6.60
7.54 5.54 6.24 5.30 6.10 4.54 4.65
4.78 5.14 5.57 5.42 4.50 6.47 6.07
3.81 3.54 6.66 4.75 2.30 5-92 5.57
6.62 4.01 5.57 6.78 3-71 3.80 6.42
6.64 3.88 6.01 7.53 4.45 6.01 6.04
5.07 4.52 4.64 5.78 4.46 6.93 4.79
7.26 5.43 6.50 5.72 6.30 7-30 5-42
8.01 7.51 7.12 6.00 5.65 5.56 6.15
7.07 5.16 5.74 7.82 5*90 7.67 6.07
7.45 6.76 7.20 7.17 7.05 7.91 7.79
6.56 7.92 6.74 6.58 6.39 6.29 7.22
378
6.77 4.75 7.59 8.42 4.89 6.00 6.55
2.51 4.28 7.71 8.55 5.44 7.74 4.77
4.34 5.17 7.47 6.59 5.62 7.75 6.84
5.27 6.72 6.75 2.74 3.84 5-35 4.33
3.47 1.66 1.18 4.34 5.41 5.19 3-54
5.00 4.13 1.75 6.92 4.37 2.30 3-46
2.30 2.84 4.02 2.24 2.35 3-58 4.74
4.10 4.75 4.28 4-30 5.37 4.37 5-76
2.37 2.98 1.96 3-20 2.73 3.21 4.23
4.42 3.22 5-19 4.64 3.61 3.65 3.63
3.59 4.42 4.36 2.21 4.23 4.01 3-40
4.23 5.31 5.61 7.25 5.97 3.18 4.61
6.08 6.51 5.66 6.29 7.05 5.83 2.76
6.16 6.19 6.77 6.30 5.00 6.73 6.67
6.59 6.70 7.63 6.23 6.31 7.23 7.51
5.91 6.59 6.64 6.93 5.53 8.71 5.56
3.50 7.43 5.12 6.06 6.30 6.83 4.30
3.31 4.56 3.26 7.04 6.37 5.85 5.84
5.66 5.18 5.06 5-78 6.89 7.87 8.26
7.35 5.77 2.94 4.57 6.75 4.75 3-86
4.13 5.02 6.48 6.96 5.72 2.89 5.03
6.26 5.70 6.18 3.81 6.45 6.08 6.07
4.02 6.56 6.69 6.40 6.97 8.32 7.03
6.90 7.11 7.19 6.00 5.68 6.87 6.88
7.48 4.41 5.08 7.52 5.46 5.04 4.22
6.47 6.64 5.34 7.77 7.52 7.91 7.92
8.58 5.61 7.02 7.02 6.08 7.61 5.27
2.66 6.59 7.39 7.49 3.86 4.90 4.10
7.09 6.86 5.96 7.19 4.49 7.80 6.55
7.60 6.49 4.99 5.26 4.23 5.15 6.28 
3.19 2.41 2.77 4.36 3.61 5.82 3.49
4.61 1.81 1.86 3.02 3.99 3.16 4.41
1.35 3.85 2.11 4.63 4.88 5.52 3.77 
4.68 4.64 4.18 2.78 3.44 4.20 5.08
3.00 3.90 3.14 3.73 2.97 3.16 2.87 
4.34 4.73 4.86 4.89 5.03 5-38 3-77
4.38 4.45 4.44 3.05 6.35 3.07 3-97 
3.56 5.67 4.59 3.39 6.74 5.66 4.72 
6.55 6.52 5.61 6.76 5.73 5-41 4.34 
4.53 5.45 5.78 7.79 4.25 6.68 7.36 
5.98 5.83 6.72 6.27 6.27 4.09 5.05 
6.18 6.35 6.83 4.40 6.56 7.83 6.84
4.32 3.31 5-37 6.91 6.50 6.10 4.58 
4.59 4.22 7.31 2.47 4-70 5.57 5-72 
4.80 4.49 3.99 6.79 3.88 6.50 5.23
5.13 5.61 4.51 6.55 5.53 6.29 3-69 
3.64 7.08 6.31 4.72 7.73 3.80 5.00 
6.28 7.19 7.34 4.74 6.41 7.19 6.15
5.92 7.55 7.54 7.09 5.57 8.34 8.21 
5.88 6.66 6.84 6.51 7.11 6.42 5-01 
5.96 6.99 6.83 6.74 7.81 5.70 7.70
6.92 6.82 7.46 6.16 6.18 7.24 8.51
5.38 4.23 6.91 4.70 3.82 3-99 7.19
7.50 6.70 5.50 6.41 5.55 6.68 7.16
3.44 5.85 7.23 6.80 7.21 2.10 6.66
5.88 6.39 5.01 2.92 5.30 4.87 3-94
4.61 3.62 3.06 3-40 2.37 1.93 1.39
5.05 0.97 4.40 5-44 4.54 4.96 5.56
4.70 5.25 4.46 4.84 2.88 2.32 3-02
4.32 2.68 2.57 3.24 2.77 4.18 3-46
1.55 3.17 3.40 5.27 3.13 2.55 4.61
4.52 0.83 5.03 4.96 4.82 5.02 2.09
5.22 5.51 4.50 5-54 4.56 4.47 5.19
6.33 5.84 5.13 6.22 5.44 4.85 5.81
6.62 6.60 5.28 6.66 7.71 6.90 4.57
4.82 6.15 6.00 5.75 4.90 7.75 6.25
5.92 7.58 6.64 3.18 7.24 6.81 5.18
7.34 6.89 6.73 2.35 3.10 4.44 4.23
4.12 5.68 6.24 3-96 5.78 5.27 6.82
3.00 5.87 5.18 3-55 2.98 6.39 6.54
3.50 3.97 5-33 4.86 7.29 4.09 3.62
6.82 4.80 6.97 5.20 6.04 6.14 5.94
7.19 2.84 5.80 5.17 4.92 6.29 5.86
6.17 3.57 5.26 5.80 5.06 7.41 6.46
7.72 7.64 5.96 6.69 4.55 7.51 4.59
5.65 5.89 6.68 5.58 5.21 4.01 6.64
6.18 6.81 5.11 7.87 8.24 6.38 7.53
7.13 6.01 4.98 6.49 8.39 5.89 7.40
7.97 5.18 7.84 5-34 2.36 3.78 5.61
8.01 6.85 6.63 6.11 7.20 6.65 6.86
5.08 7.24 6.39 7.84 5.79 4.72 5.45
5.91 4.92 3.57 2.84 5.47 2.90 3-57
3.32 4.93 1.94 4.57 1.94 3-95 4.14
5.14 3.91 3.47 3.05 4.19 3.95 5.59
5.07 1.76 3.72 3.61 4.05 5.72 2.84
4.36 3.15 3.43 1.63 5.30 2.28 3.52
5.06 4.27 4.42 3.62 2.73 4.43 3.83
3.50 0.86 5.32 3.45 4.99 4.05 3.17
3.98 4.40 3.88 5.34 5.07 5.38 5.57
4.16 5.47 5.36 6.87 5.30 4.08 5.32
6.54 5.69 5.84 6.49 7.50 6.92 6.62
7.62 6.65 6.03 5.54 4.53 7.51 5-54
5.01 2.88 7.36 3.16 7.21 6.05 5.86
6.43 6.97 7.15 2.06 1.74 5.18 3.88
4.98 4.75 5.11 5.67 5-79 5-31 6.83
3.04 3.69 4.94 4.49 2.47 5.87 6.04
3.51 5.64 3.83 2.48 5.01 7.72 4.93
5.99 3.55 5.63 4.30 7.11 6.08 5.31
4.55 3.73 5.28 5.60 4.70 7.26 5.23
7.14 6.48 6.38 7.25 6.98 7.31 6.38
7.79 6.06 4.63 6.42 4.14 5.81 6.88
5.70 1.30 5.77 7.45 4.50 3.63 7.07
7.62 6.62 7.76 5.60 6.46 7.12 6.67
8.09 8.35 4.88 7.59 6.17 7.20 7.67
379
7.30 6.31 5.96 7.17 4.29 5.73 6.74
2.82 7.64 6.92 4.74 4.77 5.52 6.25
7.43 6.96 5.82 5.92 5.18 6.73 6.81
5.14 7.10 5.29 3.21 4.06 4.83 6.41
3.66 1.66 1.87 5.10 2.44 2.74 4.30
4.91 1.67 2.82 3.05 3-56 5.07 1.60
2.95 3-04 4.81 5.18 4.22 4.89 2.01
4.56 4.68 4.55 6.00 5.65 3.49 5.29
3.11 3-64 3.04 2.68 3.10 2.75 3-44
4.16 3.46 4.93 5.06 5.13 3.55 4.80
4.46 4.32 4.71 2.39 6.51 5.28 3.21
4.64 4.64 4.93 3.43 6.16 4.89 6.93
4.39 6.07 6.06 5-48 6.70 5.57 5.84
6.31 6.04 4.00 7.87 5.47 7.02 7.10
5.49 7.41 5.24 6.57 7.41 4.51 6.73
6.27 5.00 7.33 6.30 5.42 8.22 7.43
7.05 3.75 6.03 5.54 6.57 5.26 5.48
2.83 3.31 2.17 3*37 5.44 6.16 5.77
5.60 5.54 4.93 5.79 7.15 7.48 7.08
7.10 4.48 3.86 5.50 5.06 5-46 6.80
3.59 6.22 5.60 7.04 7.55 1.02 4.82
6.87 4.38 6.49 4.58 6.00 4.77 5.54
3.78 6.42 6.59 5.57 7.83 5-74 6.21
7.41 5.29 6.33 5-35 6.97 7.56 7.04
4.85 5.29 7.21 6.96 7.89 7.49 8.29
6.73 7.22 6.98 7.33 5.96 7.35 8.25
6.87 7.86 6.01 4.94 4.26 7.36 4.29
4.86 6.32 8.33 6.13 7.38 4.84 6.36
4.89 5.72 6.27 5.79 7.16 6.45 6.85
6.59 5.24 5.08 5-56 2.97 4.96 4.86
4.45 1.47 3.45 2.85 4.58 4.71 3.09
4.16 0.64 2.13 6.43 3*31 2.89 3.50
2.19 3.69 0.96 1.90 3-52 2.10 2.97
4.22 3.71 3.96 2.89 4.84 5.35 5.24
1.96 2.92 3-50 2.49 2.31 4.39 3-35
4.83 3-57 3.62 4.87 4.17 3.67 4.82
4.57 4.61 5.43 4.68 4.91 2.67 3-30 
3.56 5.68 4.41 6.14 5.20 6.14 7.02
5.96 5.99 5.23 6.44 5-48 6.54 4.95
6.23 6.32 5.55 5.26 4.76 7.93 6.56
5.40 5.87 7.05 6.29 7.38 4.85 6.19 
6.39 6.73 5.97 7.34 6.73 6.39 5.91 
6.02 4.46 4.54 3.55 5-32 6.19 5.88 
5.08 7.42 5.11 3.71 4.00 6.09 5.60 
4.71 4.51 4.41 7.66 4.22 6.65 6.32
4.41 5.25 6.01 5.48 6.87 6.10 6.51 
3.62 5.35 6.59 5.85 6.46 5.58 4.67
6.73 4.57 7.15 7.03 6.36 6.21 7.18 
5.91 6.28 7.36 6.26 5.62 6.36 7.47
3.19 6.37 7.44 6.17 5.57 7.03 6.25
4.73 5.83 5.84 7.03 4.18 4.36 8.96 
5.33 6.63 6.86 7.13 6.40 6.93 6.48
6.31 7.16 7.05 5.74 2.87 3.20 2.26
6.23 5.81 6.26 6.39 5.33 7.32 6.96
6.43 3.71 6.18 7.25 5.64 7.30 4.72
4.22 6.72 3.47 7.18 7.27 3.27 3.60
5.30 4.60 2.92 4.13 2.85 4.21 3-91
5.17 5.53 5.02 4.70 4.09 3.80 3.00
3.75 4.67 3.99 4.58 4.27 2.92 4.96
5.21 3.53 2.74 1.33 1.14 3.34 2.97
2.80 5.33 4.82 4.17 2.50 4.78 3.89
3.80 3.62 3.78 3.85 4.65 4.86 3.77
5.21 4.64 3.60 5.26 3-77 4.11 4.62
7.20 5.07 4.89 5.95 5.81 6.06 6.44
5.92 6.96 5.41 7.60 5.89 6.96 6.84
5.36 4.49 6.07 6.22 4.39 7.82 6.59
6.04 2.70 7.63 7.51 6.82 5.48 7.11
7.60 5.84 7.39 4.36 5.32 4.76 5.15
3.83 5.96 7.11 4.95 5.17 7.54 5.81
2.86 4.42 5.32 2.83 4.51 5.45 3.70
4.43 3-46 4.54 2.06 3.89 6.28 4.54
5.38 4.06 3-31 8.15 7.11 4.99 6.44
4.70 5.13 4.89 4.76 5.36 6.12 4.20
6.85 4.79 5.39 6.49 7.14 7.25 7.58
6.33 6.11 6.01 8.23 6.16 6.31 5.84
5.20 6.00 2.83 6.72 6.35 4.02 6.53
5.87 6.50 5.01 5.28 5.76 6.61 7.65
8.34 7.92 5.93 8.59 8.05 7.57 8.54 
6.96 5.01 6.47 6.02 3-43 5-55 3.37
7.22 6.52 6.81 6.48 7.08 6.73 6.40
3.93 8.04 6.21 7.15 4.44 6.22 7.47 
4.42 4.03 3.00 5.30 7.12 4.94 4.13 
5.10 3.52 3-39 4.73 1.09 2.83 2.72 
5-34 3.05 3.25 4.83 4.39 2.86 4.14 
4.19 5.68 5.06 3-15 5.90 5.48 3-53
3.35 3-62 1.08 0.69 2.90 2.43 4.34
4.34 4.08 3.45 5-59 3.71 3.85 3.02
4.76 1.74 5.74 4.57 4.33 3.92 4.00
2.18 5.09 5.63 5-44 4.12 4.25 4.63 
6.14 6.31 6.77 7.14 5.20 4.43 5.34
6.00 7.16 7.14 7.71 7.57 5.64 4.97 
7.65 7.25 6.29 5-35 7.04 7.71 5.99
5.00 7.46 5.27 4.05 7.49 6.54 7.44 
5.99 5.22 7.43 3-39 4.08 3.27 5-30 
3.72 4.81 6.29 4.61 6.07 5.44 6.86 
3.08 5.09 8.33 6.20 2.32 6.61 5.85
5.93 3-47 5.84 2.46 5.83 3.73 3.86
6.87 6.28 4.31 7.29 6.46 6.58 6.72 
6.31 5.52 5.77 6.21 3.79 6.38 5.50
6.59 6.67 6.41 6.92 5.88 6.49 7.02 
8.06 6.58 4.61 7.19 4.89 4.13 5.98 
7.41 3.62 4.67 4.82 7.04 5.15 7.44
7.60 6.20 7.54 5.41 5.97 6.73 6.57 
8.04 8.00 5.37 6.06 8.15 7.70 6.80
380
6.68 4.64 6.88 6.57 5.78 7.24 5-54
4.17 6.87 7.09 8.57 3-31 8.39 7.62
4.63 6.67 6.57 7.27 6.08 8.49 6.21
7.29 5.63 3-97 3.19 2.81 4.93 4.49
2.75 1.20 3.04 2.82 4.33 4.22 4.43
4.63 2.53 2.58 6.23 3.89 4.28 3.13
1.74 3.01 3.44 5.41 4.82 5-19 5-16
5.02 3.27 4.05 3.78 5.01 4.81 3.25
4.74 2.49 2.55 3.74 3.33 2.87 4.31
4.62 3.19 4.44 5.11 4.51 5.18 4.01
2.93 4.33 4.75 5.25 5.92 3.50 5-51
5.23 5.12 4.45 6.49 5-60 4.96 6.11
6.86 5.93 5.81 5-39 5-31 5-52 5.28
4.66 5.58 4.96 5.17 6.55 7.69 7.24
6.22 6.77 5.23 6.74 5-73 6.97 5-88
6.19 6.15 6.12 7.06 5.87 6.85 6.50
6.04 7.64 5.30 6.80 6.38 5.05 4.99
6.54 6.34 1.54 2.83 5-04 5.30 6.05
4.59 4.24 4.74 7.61 3.81 7.92 8.82
5.61 4.19 3.29 5.05 5.62 5.61 5-45
7.11 5.60 7.46 6.16 7.15 1.76 4.81
6.87 7.68 6.63 5.76 7.57 7.45 7.24
7.34 7.04 6.59 5.86 7.39 7.33 7.88
4.63 7.09 5.70 5.89 5.43 4.66 7.27
5.51 4.57 6.13 7.12 5.75 5.24 5.07
7.08 6.80 4.87 6.37 6.07 5.70 8.58
7.31 5.56 5.65 5.02 5.54 7.65 5.77
5.67 2.65 4.95 6.46 2.55 5.92 4.64
4.33 6.01 6.00 6.79 4.88 8.81 7.95
7.40 3.18 6.02 4.31 5.13 5.57 6.39
4.40 3.15 1.14 2.25 3.70 5.56 5.47
4.94 4.38 5.37 5.59 3.23 3.62 4.51
2.39 2.36 4.28 2.60 2.60 6.37 2.90
4.38 4.30 3.74 4.26 3.29 5.46 3.24
3.11 2.34 2.26 3.23 3.78 3-92 4.45
4.02 4.71 5.45 4.16 4.94 5.04 3.63
3.80 4.02 5.29 3.98 7.56 4.45 5.09
4.10 4.64 5.53 5.91 4.67 6.96 4.13
7.18 5.95 5.82 5.75 5-39 6.40 3-41
4.77 5.70 4.24 5.50 5.73 7.10 6.56
5.66 7.25 8.01 6.09 7.03 7.60 5.18
6.48 6.09 5.89 5.64 5.49 7.42 6.04
4.63 3.17 6.16 4.27 4.90 7.14 4.27
6.20 3.19 6.11 6.36 4.00 6.08 5-57
5.72 5.29 5.50 5.97 4.99 7.01 7.54
4.58 4.28 5.53 5.67 3-99 6.17 7.65
6.93 5.34 7.51 6.35 5.40 1.89 3-50
4.21 3.41 7.70 4.41 6.54 6.93 7.36
6.19 7.29 6.61 5.71 6.82 6.03 6.35
6.05 5.85 5.94 4.64 6.49 4.58 5.51
6.39 5.20 7.62 7.96 4.02 5.06 7.88
7.31 6.53 6.40 7.06 6.71 6.98 8.58
8.08 6.94 4.67 7.56 2.83 5-50 6.99
7.96 6.45 5.03 7.02 5.82 6.71 6.56
6.79 5.93 8.11 8.13 4.36 7.18 5.69
3.51 6.72 6.03 3-61 7.22 4.58 3.04
5.32 3-87 2.77 3.18 1.63 3-24 3-86
5.54 4.74 3.15 3.08 3.57 3.16 5-64
5.02 2.55 3.32 3.87 3.62 3.21 3.69
5.28 3-92 1.43 5-44 2.64 2.99 3.29
3.98 3.84 4.11 2.38 3-32 4.77 2.26
4.32 2.17 5.57 3.83 3.36 3-95 2.36
5.37 4.96 4.85 4.76 4.31 4.75 5.63
4.18 6.79 4.82 5.82 5.93 4.81 6.12
6.04 6.70 5.69 7.73 7.02 6.97 6.10
5.92 6.86 5.70 5-93 6.50 5.73 6.01
7.15 2.93 6.90 3.18 6.60 6.53 5.27
5.70 6.97 5.46 2.01 5-50 3-35 6.06
4.15 5.87 7.71 5-55 6.29 6.96 5.86
4.95 4.10 7.64 2.45 3.43 5-32 7.51
3.93 4.05 3-50 3-93 4.20 4.34 5.61
7.42 3.84 5.65 7.43 6.02 6.17 6.76
6.88 2.93 4.89 4.57 4-58 6.08 4.63
7.06 5.63 6.98 6.23 4.51 6.87 6.82
6.78 5-15 4.24 6.19 6.26 7.43 5.15
5.99 4.16 6.00 5-75 5.72 4.67 7.59
5.54 7.62 5.62 7.03 7.02 6.20 5.14
7.83 7.85 5.92 7.60 6.14 7.73 7.44
8.08 6.06 5.37 5.77 6.19 4.84 4.81
7.42 6.70 5.36 6.59 5.82 6.85 5-76 
4.56 5.15 6.00 6.55 8.01 2.62 6.45 
4.87 6.28 3.65 5.91 7.23 3-28 2.40
4.00 4.66 3.03 3.11 1.36 3.19 3-21
3.29 3.26 2.99 3-42 4.32 5.06 3.64 
3.74 5.64 5.43 4.40 3-76 5.46 2.53
5.59 3.09 3.04 3-35 3.73 2.94 3.14 
5.31 5.22 4.45 5.00 4.19 2.13 2.90 
3.82 3.26 3.02 3-97 5.15 4.49 3-38
4.43 5.62 5.51 5.26 3.82 5.29 4.11
6. 7 6.59 4.96 6.74 5.09 4.16 5.72
5.71 6.09 7.06 6.48 6.55 6.92 4.55
6.45 6.72 6.12 5.44 4.79 8.56 5-45
4.90 2.13 6.78 1.81 7.85 6.40 7.37
6.55 7.35 6.36 6.28 3-64 3.79 2.83
4.84 4.55 6.74 4.15 4.03 7.58 6.79
2.69 3.99 5.63 3.17 3.08 5.26 5.94
3.91 3.87 4.18 4.91 6.79 2.67 4.07
5.60 5.23 3.77 6.63 5-98 7.13 5-27
6.45 6.38 5.37 5.41 5-18 7.09 4.89
6.70 7.41 5.56 6.53 6.32 7.13 7.63
7.00 5.42 6.44 6.64 6.60 7.33 4.23 
.07 4.82 4.22 7.69 5.17 3-71 7.14
4.45 7.24 5.77 7.52 6.72 6.31 7.88
7.29 7.80 7.79 5.80 7.15 5.86 6.33
381
8 .3 5 4 .5 8 6 .5 0 7 .6 3 6 .44 5 .9 0 6.91 6 .86 3 .45 5 .76 7.31 6 .67 5 .46 5 .73
7.91 4 .9 8 7.71 7 .8 4 3 .63 4 .1 3 4 .1 4 6 .65 6 .3 2 7 .0 3 6 .22 7 .3 8 6 .75 6 .03
7 .5 9 6 .7 7 5 .8 0 8 .8 2 6 .43 8 .5 4 6.41 5 .19 5 .2 0 7 .1 5 8 .0 3 6 .66 3 .3 4 5 .1 8
7 .3 5 6 .58 6 .5 5 2 .9 0 3 .72 4 .76 4 .2 9 3 .75 3 .9 0 5 .7 0 5 .77 7 .13 3 .49 3 .7 8
4.61 2 .8 7 3 .5 5 5 .2 0 4 .9 3 3 .0 8 5 .2 7 4 .1 0 5 .76 3 .3 4 3 .6 9 2 .26 3 .1 4 3 .9 7
0 .9 7 3 .6 9 4 .2 3 7 .7 7 4 .65 4 .1 8 1 .42 3 .37 0.71 4.61 4.81 4 .5 8 4 .3 9 3 .7 8
1 .46 2.97 4 .4 3 3 .15 5 .72 5 .1 0 1 .83 2 .62 3 .1 8 4.51 2 .93 4 .6 8 2.81 4 .1 4
4 .06 4 .6 9 3 .3 9 5 .05 5 .0 0 4.31 5 .8 0 5 .47 2 .76 1 .03 4 .8 0 4 .06 5 .27 3 .5 4
3 .07 2.11 3 .5 8 2 .9 9 2.31 3 .7 4 4.21 3 .85 5 .2 0 4 .2 6 4 .5 9 4 .47 4 .0 6 4 .82
5.27 5 .2 0 4 .7 7 4 .4 4 3 .65 5 .24 4 .2 8 4 .29 2 .6 4 5 .6 0 4 .9 0 4 .7 8 3 .87 2 .94
3 .87 4 .53 4 .2 9 4 .0 2 3 .9 4 3 .7 9 5 .4 4 4 .1 6 5 .3 4 4 .0 9 4 .6 2 4 .6 7 4 .8 0 4 .2 9
5 .5 7 6.11 5 .6 0 4 .3 8 7 .2 2 5 .2 3 6 .7 0 6 .3 6 7 .2 5 5 .35 7 .46 5 .87 5 .4 0 6 .8 8
6.91 5.96 5.51 6 .45 5.35 6 .65 4 .3 2 6 .1 8 6 .7 6 5 .2 8 7 .7 8 6 .72 7 .1 0 4 .62
6 .59 6 .74 7 .3 5 5 .08 5 .23 7 .7 5 6 .96 6 .7 4 5 .4 8 6 .02 5 .79 5 .89 5 .44 6 .42
6 .14 6.71 7 . 7 4 7 .0 8 7 .3 7 4 .1 6 6 .2 0 6 .45 4 .5 6 6 .0 4 6 .6 4 7 .0 4 7 .2 7 6 .33
6 .0 3 5.41 6.31 6 .87 6 .72 8 .0 9 6 .9 4 5 .93 5 .5 4 5 .77 7.21 5.77 5 .4 8 7 .0 8
6 .83 4.75 5 .2 4 4 .6 7 4 .7 0 6 .9 9 4 .5 6 4.01 4.61 5 .86 4.21 4 .15 6 .8 7 6 .69
4.51 4 .24 4 .3 8 2 .63 5.45 5 .06 5 .8 8 4 .8 3 5 .5 7 8.01 3 .06 2 .14 5 .42 6 .8 7
4 .4 0 3 .47 4 .5 5 6.21 6 .1 0 7 .8 6 4 .5 8 5 .9 8 3 .4 9 7 .5 3 2 .2 4 7 .4 9 5.36 3 .97
7 .45 5.16 5 .2 6 5 .84 5 .37 5 .44 4 .56 6 .3 9 3 .1 9 6.01 4 .3 8 5 .22 6 .52 5.82
6 .89 5 .5 8 5 .53 5 .96 5.25 3 .7 2 3 .9 4 6 .2 4 3 .7 6 5 .6 0 6 .5 0 3 .8 3 5 .6 8 5 .7 0
7.31 7 .09 6 .3 2 5 .1 0 5 .73 6 .2 8 6 .1 0 6 .6 9 5 .7 8 6 .72 6 .15 6 .53 7 .56 7.51
7 .0 2 5.89 7 .2 3 7 .0 6 7 .7 8 7 .7 5 6.41 8 .0 0 7 .9 5 6 .32 7 .2 3 4 .52 6 .1 9 4 .7 9
4 .44 5 .0 9 7 .2 7 4 .77 5.51 4 .7 2 5 .75 6 .52 5 .72 4 .5 4 5 .13 5 .07 6 .15 7 .2 8
7 .3 0 5 .3 4 7.31 6 .9 9 6.71 8 .0 5 8 .4 0 7 .7 2 6 .1 0 6 .0 9 6 .2 0 7 .8 8 7 .8 2 6.26
7 .0 2 7 .4 7 6 .3 7 7 .8 3 7.41 6 .17 7 .8 9 7 .2 0 7 .2 6 6 .02 6.55 5.83 6 .5 0 5 .78
5 .7 7 4 .8 3 4 .3 2 5 .4 2 5 .72 6 .35 7 .1 3 7 .6 2 5 .53 6 .66 5 .84 5 .98 3 .3 0 4 .3 2
8 .1 6 6 .9 7 3 .4 7 8 .5 3 7 .7 7 7 .0 9 4 .1 0 7 .0 3 6 .82 6 .5 8 6 .32 7 .2 6 7 . 1 0 6 .22
4 .0 5 6.16 6 .2 0 6 .5 4 4 .1 9 8 .4 5 7 .5 2 7 .3 5 5 .6 8 7 .8 6 6 .76 7 .9 3 2 .66 5 .0 8
7 .4 8 6 .00 7 .4 7 2 .86 5.82 4 .3 9 6.51 5.61 5 .1 0 4 .9 0 3 .66 5 .0 0 4 .04 2 .65
2 .77 0 .9 8 3 .0 7 5 .2 4 5.15 2 .6 8 2 .9 3 5 .54 3 .2 0 2 .12 4 .4 8 2.65 2.61 1 .84
1 .09 1 .65 4 .0 4 5 .6 7 2 .8 8 1 .77 2 .45 3 .25 5 .4 0 4 .06 5 .1 0 4.21 3.21 4 .1 8
2 .5 8 3 .5 4 4 .1 2 5 .0 0 3 .32 5 .96 4 .8 0 4 .26 5 .63 4 .8 7 3 .96 2 .49 2.11 4 .5 9
4 .0 9 3 .89 3 .46 2 .9 4 2 .83 4 .4 8 5 .2 0 4.01 3 .2 6 1 .20 3 .64 1 .33 2 .75 3 .3 3
4 .6 8 1 .96 2 .0 9 2 .6 2 3 .4 7 2.51 2 .9 9 2.01 5 .0 8 4 .0 6 3.91 4 .7 9 4 .6 9 4 .46
3 .9 8 4 .69 5 .2 4 4 .1 0 4 .7 9 5.35 4 .26 3 .4 7 1 .47 3 .03 3 .29 4 .3 3 5 .57 4 .5 4
4 .0 9 4 .4 0 5.01 5 .77 5 .59 2 .72 5 .1 7 3 .9 4 5 .66 3 .9 0 4 .3 2 3 .4 9 5 .0 8 4 .5 2
4 .7 4 5.92 4 .9 2 5 .96 6.45 6.35 5.41 4 .1 8 4 .8 8 5 .9 7 7 .44 5.71 4 .8 7 6 .6 4
4 .2 5 5 .7 2 6 .2 9 5 .9 8 4 .9 9 6 .8 4 4 .7 4 6 .1 9 7 .1 6 5 .5 4 7 .65 7 .2 7 6 .3 0 6 .1 4
5 .7 9 5.26 6 .3 2 6 .2 0 5.89 6.41 6.91 5.61 6 .4 4 5 .92 5.81 6 .13 6 .92 5 .97
7.01 5.71 7 . 5 0 5 .9 9 5.85 7 .3 3 7 .4 2 5 .23 2 .92 6 .0 9 5 .7 0 7 .1 4 6 .8 3 5.81
6.01 6 .72 7 .3 6 7 .2 2 5.42 8 .6 0 5 .29 5.86 5.35 3.41 6 .3 8 2 .23 6.26 2 .6 8
4 .44 6.71 5 .59 6 .5 9 6.01 7 .2 0 5 .6 2 4 .8 4 5 .93 5 .7 8 5 .12 6.21 7 .5 9 5.86
2 .6 6 6.24 7 .1 2 5.01 4 .4 7 5.75 5 .9 2 3 .9 4 3.71 8 .4 5 6 .05 4 .24 5 .33 7.71
4 .13 3.51 4 .2 2 7 .5 3 4.31 8 .7 4 8 .3 5 5 .83 3 .6 6 4.51 3 .9 9 4 .8 9 5 .09 3 .54
5 .1 3 5.79 7 .0 6 4 .5 0 6.01 7 .3 4 6 .0 6 7 .3 9 2 .3 3 6.35 5 .27 5 .57 3 .95 7 .0 7
6 .7 5 7 .0 6 6 .5 9 5 .7 0 6 .7 2 3 .13 4 .7 5 5 .83 5.31 5 .5 8 4 .65 5 .3 0 6 .6 0 6 .3 9
4 .57 5.11 7 .4 4 3 .9 9 5 .7 0 6 .46 7 . 4 8 6 .7 8 7 .5 6 7 .6 9 7 .3 8 6 .9 8 6 .67 6 .05
6 .0 7 5.96 6.21 6 .3 0 5.41 8 .3 0 6.51 6 .72 8 .0 5 7 .4 8 7 .9 2 5.54 6.71 4 .5 8
5.93 5 .28 6 .3 4 5 .9 9 7 .0 7 7 .3 4 5 .3 2 6 .7 0 2 .1 8 7 .2 2 6.41 4 .8 0 5 .1 8 6 .7 0
7 .3 8 4 .49 6 .0 9 7 .3 7 4 .03 8 .0 2 5 .95 5 .9 0 7 .6 3 7 .3 9 7 .6 2 5.85 7 .6 7 6 .5 8
5 .62 7 .5 2 4.81 6 .55 6 .5 0 6.81 7 .6 5 6 .52 7 .5 2 4.91 6.71 7 .5 8 5 .92 8 .2 2
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5.96 5.86 5.80 5.74 5.80 6.08 7.64
7.26 7.44 7.44 7.26 7.40 7.06 7.44
7.60 5.00 5.12 5.40 5.60 7.30 7.84
7.66 7.70 7.96 5.90 6.10 5-70 5.20
2.40 2.00 1.92 2.16 3-40 2.06 3-48
2.48 3.10 5.80 5.12 5.40 5-46 5.40
1.34 5.00 5-56 5-70 6.30 6.40 5-50
5.20 4.00 4.40 5-60 5.80 5.60 6.00
1.94 1.86 1.50 3.72 4.02 4.40 4.50
5.32 5.40 5.55 5.40 5.40 5-42 5.40
5.00 4.56 4.08 5-00 5.60 5.46 5.56
5.78 5.66 5.62 5.66 5.40 5-78 5.80
6.10 5.86 5.92 5.66 4.30 4.32 3-90
3.60 5.42 3.90 2.10 3-76 5.80 6.00
5.28 5.48 5.58 5.58 5.46 6.82 6.00
6.00 6.88 6.48 4.40 5.34 6.80 6.86
7.70 5.76 4.90 5.48 5.96 5.84 4.06
6.82 7.62 7.48 7.48 6.50 4.50 5.70
4.12 3.40 4.80 7.68 7.68 7.68 4.80
7.48 5.62 6.80 6.84 6.92 7.56 7.80
7.42 7.74 7.66 7.50 7.80 5-78 5.84
7.72 7.76 7.76 7.78 7.80 7.60 7.48
8.16 7.88 7.88 8.52 8.64 8.60 7.50
7.58 7.48 7.54 7.54 6.80 4.02 7.60
7.72 7.80 7.84 7.60 7.60 7.76 7.54
7.50 7.88 7.48 7.88 7.68 7.94 7.82
6.16 4.80 5.82 6.80 3.46 6.80 6.02
2.60 2.50 2.50 4.00 4.22 7.48 7.46
7.58 7.48 7.66 7.74 7.76 7.88 7.96
5.78 5.68 4.88 4.00 2.40 4.46 6.54
3.80 3.80 3.56 3.62 3-40 2.06 3-48
4.28 4.38 3-10 3.16 4.86 2.04 2.60
3.68 4.28 4.38 4.62 4.68 3.82 2.30
3.00 2.68 2.56 3-92 4.12 3.90 3.44
3.02 3.84 3.84 3.60 2.60 2.34 3-40
4.72 4.78 4.76 4.62 4.88 4.26 3-52
3.90 4.64 4.20 5.12 5.20 4.56 5.36
3.92 4.60 5.16 7.32 7.40 7.54 7.30
7.32 6.86 5.14 5-48 7.20 5.42 5.20
5.12 5.00 7.62 7.60 8.10 8.10 7.60
6.00 7.26 7.28 6.80 6.90 7.82 7.92
7.06 7.30 7.40 7.30 7.20 6.88 6.64
4.62 2.80 3.64 3-80 4.30 5.12 4.20
5.48 6.80 6.60 6.40 5.88 5.70 5-50
4.40 4.20 5.56 5.80 5.22 5.70 5.86
6.92 7.00 7.12 7.00 6.72 6.70 6.82
5.36 6.20 5.86 6.20 5.76 5.12 5.20
6.68 6.70 6.82 6.86 6.70 5.46 5.66
7.70 7.82 7.94 8.06 8.26 8.28 8.28
7.46 6.80 6.86 7.40 7.52 7.56 7.66
7.80 7.92 7.88 7.96 8.06 8.10 8.26
7.20 7.62 7.40 7.60 7.34 7.96 8.60
7.50 6.40 6.04 5.48 6.20 6.30 7.40
8.06 5.64 6.84 6.70 6.64 6.54 7.36
5.60 7.64 8.06 8.10 5-60 7.80 7.74
4.80 5.77 5.60 2.00 2.24 2.00 2.38
3.06 4.70 3.40 4.40 3-30 5.02 5.08
5.56 5.68 5.20 5.60 2.96 2.70 3.00
5.68 5.74 5.56 5-52 6.04 5.88 5.00
5.70 4.00 3.78 5-46 5.50 5-38 2.90
5.50 5.80 5.30 5-80 5.46 4.08 5.06
5.64 5.56 5.38 5.50 5.68 5.76 4.56
5.40 5.62 5.56 5.24 5.48 5.60 5.74
5.86 5.54 5.18 6.00 5.06 6.00 6.06
6.00 6.00 5.80 5.86 5.82 6.04 4.48
4.40 4.42 6.00 5.64 5.02 5.12 5.40
6.80 7.42 5.72 7.42 7.42 7.48 5.16
7.60 7.42 7.60 7.86 5.50 6.80 6.34
3.76 5.48 5.50 5.54 5.68 5.86 5.86
5.12 6.00 6.00 3.44 3.44 4.60 3.80
7.68 7.78 7.80 7.84 7.84 7.84 7.42
7.86 7.22 7.28 7.32 7.40 7.56 7.48
7.48 6.40 6.56 6.82 6.82 7.50 6.52
7.48 7.60 7.84 7.70 7.56 7.64 7.80
8.56 7.60 7.60 8.30 5.60 7.46 7.58
7.60 7.60 7.26 7.96 7.66 7.82 7.64
7.80 7.68 7.68 8.26 8.26 7.68 8.40
7.84 8.06 7.68 7.50 7.62 7.60 7.00
6.00 5.68 4.62 2.02 2.22 2.62 1.86
7.62 7.50 7.36 7.20 7.42 7.40 7.50
7.98 8.06 8.14 8.14 8.14 7.00 5.86
6.86 5.04 3.28 2.46 2.94 4.68 3-76
3.06 4.70 3.40 4.40 3-30 4.26 4.26
3.60 2.26 2.60 3-30 3-36 2.68 3-38
3.64 3.56 2.56 2.68 3-10 3.00 2.94
3.50 3.38 3.02 3.22 3.62 2.22 2.68
3.56 3.76 3.50 3.68 3-50 4.18 4.60
3.48 3.16 3.04 4.88 4.16 3.76 4.40
4.32 4.30 4.20 4.56 4.66 4.60 4.24
7.20 7.32 7.40 7.56 5.12 4.80 5.12
6.00 6.00 6.10 6.10 6.20 6.18 7.40
8.46 8.62 6.06 5.24 7.28 6.08 5.88
7.78 7.86 7.88 7.60 7.66 7.66 7.40
5.82 5.08 2.40 3-36 5-76 6.80 3-96
4.70 4.54 4.98 5.64 5.12 5.12 5.56
5.18 5.38 5.46 5.50 5.86 6.12 6.06
6.82 6.96 6.74 6.86 6.04 6.80 6.70
6.02 4.62 4.50 4.22 4.08 4.00 4.64
6.70 6.80 6.86 6.70 6.46 6.80 6.74
5.86 5.86 5.40 6.60 7.32 7.36 7.66
8.30 8.28 6.80 7.20 7.48 7.20 7.20
7.40 7.46 7.30 7.10 7.86 7.96 7.80
7.20 7.46 7.46 7.56 7.66 7.66 7.46
8.56 8.50 7.88 8.62 8.60 8.68 8.70
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8.58 8.35 7.67 8.44 7.12 7.88 6.87
8.20 8.46 8.52 8.60 8.66 8.54 6.24
6.90 6.30 6.86 6.02 6.06 6.20 6.20
3.46 3.08 3.02 2.40 3.40 5.12 5.56
4.80 3.62 3.08 4.56 5.80 6.08 5.90
0.86 0.62 0.90 0.96 2.10 1.64 2.14
1.34 2.08 1.82 1.56 1.72 2.06 1.80
2.06 2.56 3.48 3.06 2.24 3-40 3.08
3.48 3.60 3.68 3.74 3.86 3-92 3-40
3.90 5.12 3.96 3.92 4.25 3.76 3.90
3.88 3.98 5.48 5.88 5.28 4.98 4.90
5.43 5.36 5.91 5-39 5.32 5.64 5.80
7.00 6.82 5.80 6.80 6.74 6.86 6.72
6.62 6.72 6.60 6.80 7.12 6.08 5.80
7.20 7.44 7.80 7.10 7.48 7.70 7.42
5.90 7.40 5.64 5.46 6.80 7.32 7.46
2.78 4.84 4.75 5.23 5.10 4.20 5.40
5.10 6.12 5.62 4.96 4.58 6.02 5-58
5.88 5.60 5.48 5.12 6.80 7.12 7.40
7.33 7.00 6.55 6.50 5.00 4.66 6.80
4.90 5.12 5.20 5.40 5.32 5-90 6.10
6.88 7.04 6.88 6.34 6.90 6.42 6.12
3.42 5-58 5.80 5.72 5.96 5.80 6.04
5.47 4.98 5.67 6.74 6.80 5.60 4.36
5.80 5.48 4.76 6.30 4.16 4.00 4.12
5.18 5.62 4.80 5.46 7.48 7.54 7.68
5.60 4.08 4.12 4.80 4.62 4.42 4.20
2.04 2.50 2.60 3.40 5.60 4.70 3-40
6.82 6.80 6.92 6.96 5.80 5-94 6.51
4.65 4.96 4.84 4.90 3.82 4.02 3.84
3.90 2.80 2.26 2.80 2.88 2.60 2.46
3.12 2 83 3.11 3.19 2.45 2.11 2.38
3.21 2.02 1.94 2.01 1.82 2.31 2.42
4.24 4.80 4.80 6.04 4.12 4.30 4.58
4.80 4.60 2.68 3.04 2.68 2.68 2.68
4.06 4.06 4.08 4.06 4.06 3-42 4.12
4.06 4.06 4.06 4.08 3.76 4.80 5.14
5.12 4.80 4.10 5.46 5-46 5.46 6.80
5.48 6.32 6.32 6.32 4.80 6.02 6.08
7.52 4.80 5.48 8.28 4.80 6.68 6.32
6.08 6.80 8.84 6.84 6.84 2.82 4.80
7.46 4.80 6.32 8.20 7.32 8.86 5.28
2.00 3.88 5.18 2.92 4.22 7.42 6.00
2.24 6.24 0.36 3.42 3.42 4.26 6.32
5.44 3.76 3.78 5.72 3.42 8.88 4.50
4.20 3.76 2.56 4.46 3.42 4.48 3.08
1.72 4.60 5.56 4.28 5.12 3-60 4.10
6.42 3.08 7.20 3.80 5-68 4.60 5.12
8.28 5.64 7.72 5.12 4.64 5.48 6.24
3.12 6.32 7.68 4.60 5.42 7.72 5.12
4.62 5.64 7.24 5.64 2.08 5.12 9.24
6.24 7.01 6.27 6.23 5.93 5.48 6.36
7.00 7.55 7.45 7.58 7.60 7.60 7.42
5.88 5.64 6.08 6.00 5.88 6.88 6.88
6.20 6.06 6.18 6.20 6.02 4.68 4.42
6.48 6.80 6.06 5.02 4.68 3.90 3-50
5.68 5.80 1.90 1.90 1.00 4.86 1.02
2.72 2.80 2.86 3.20 3.10 3.18 3.00
2.62 1.70 2.10 2.40 2.36 2.00 2.18
3.44 3.58 0.64 3.44 0.92 3.46 3-54
3.62 3.10 3.02 3-06 2.75 2.36 2.04
3.92 4.72 3.78 3.92 3-90 3.86 3-42
3.98 5.74 5.70 5.86 5.12 5.36 5.42
5.49 5.85 5.25 5.65 5.30 5.62 6.90
6.80 5.94 6.08 6.02 5.78 6.00 6.04
5.08 6.60 5.86 6.04 6.80 7.02 7.20
7.30 7.36 6.08 6.36 7.22 6.84 7.48
7.10 5.80 3.74 1.70 1.02 2.60 2.56
4.60 5.00 6.04 6.10 6.38 5.88 5.96
5.30 5.48 5.14 6.40 5.60 5-84 4.18
7.54 7.38 7.78 7.45 6.90 6.68 7.56
6.09 5.80 5.06 4.96 5.20 5.10 5.02
6.15 6.42 6.30 6.80 6.74 6.40 6.18
6.80 6.84 6.80 6.90 6.96 7.04 6.02
6.10 6.26 6.40 7.20 5.30 3-94 3.86
4.90 1.18 2.76 4.80 4.20 6.32 6.06
4.16 6.16 8.28 6.48 7.40 8.28 4.21
6.50 6.20 4.60 5.10 5-40 4.90 5.46
4.42 2.80 4.80 2.30 2.40 4.00 4.00
5.00 5.32 5.48 7.20 6.80 6.80 6.20
6.29 6.88 6.03 5.86 4.24 3-93 3.54
3.44 3.46 2.96 3.02 2.90 2.82 2.84
3.45 2.86 3.07 3.45 2.95 3.16 2.75
3.52 3.18 3.71 2.17 2.83 2.56 2.93
2.50 3.04 2.78 2.76 2.14 4.12 4.80
5.36 2.36 1.10 0.54 2.02 2.88 4.40
1.40 4.80 2.68 2.07 2.07 4.80 4.06
3.44 4.88 6.08 4.80 4.60 3.40 4.06
4.10 5.28 3.44 5.12 5.12 4.80 4.80
4.06 4.80 5.44 5.44 6.08 6.08 6.08
6.06 7.48 7.46 8.28 7.46 7.37 6 93
6.80 6.84 6.32 6.58 4.06 8.86 5.46
4.76 0.40 6.06 0.50 6.50 5.12 6.32
6.14 6.00 6.22 6.82 4.66 4.21 6.08
3.42 6.00 7.98 3.86 3-34 6.28 6.56
5.16 5.12 4.60 6.36 6.00 6.64 8.16
3.44 2.96 3.44 1.96 4.56 2.48 3.08
5.16 2.30 3.04 3.86 3.86 3.08 5.02
4.28 3.80 4.10 4.04 3-08 6.68 4.10
5.12 3.40 5.12 5.64 4.10 6.64 4.60
6.64 4.62 5.12 5.64 4.10 5.64 5.12
6.14 4.60 5.12 6.42 5.14 4.60 6.66
4.60 6.66 4.70 5.12 6.16 5.68 6.24
6.29 5.92 5.83 6.27 6.37 6.94 6.28
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6.00 5.64 5.80 7.72 7.52 6.08 8.20
5.64 6.00 6.42 9.20 2.50 4.02 8.20
3.60 5.64 5.12 9.50 3.08 9.04 6.42
2.06 3.12 5.64 2.58 2.32 4.08 5.12
2.58 0.86 1.10 6.18 2.02 2.28 2.80
5.58 5.12 3.60 8.32 2.92 2.54 1 .04
1 .40 3.60 0.32 4.20 2.92 4.12 3.63
2.02 2.73 2.19 2.72 2.10 2.82 3.01
3.29 3.90 2.92 2.49 2.17 2.73 2.84
4.10 3.08 3.60 4.10 3.60 3.12 4.12
2.88 4.62 3.60 1 .56 7.68 2.12 3.08
3.08 6.16 5.16 3.06 4.66 3.08 4.00
4.08 5.64 5.62 5.12 6.66 6.16 2.68
5.64 6.80 6.80 6.66 5.64 5.64 6.66
7.16 6.12 5.14 6.16 7.16 5.12 7.72
6.64 6.16 6.64 6.64 7.16 6.16 6.16
6.16 7.72 6.68 7.62 6.66 5.64 5 . H
5.50 2.04 2.22 2.04 5.64 6.16 5.60
4.08 5.16 3.76 5.16 6.66 7.74 9.12
3.60 6.12 4.10 4.10 5.16 6.64 5.16
7.16 5.14 5.64 6.66 6.66 1 .00 2.00
4.08 6.16 6.16 6.16 6.16 6.66 6.16
7.16 6.66 7.68 6.12 7.68 6.16 6.64
3.58 7.68 6.66 4.62 6.12 6.12 6.66
5 . U 4.10 5.62 5.93 5.49 6.38 6.28
7.37 7.17 6.92 6.38 7.44 7.26 6.82
.24 6.66 8.20 8.08 7.16 7.68 6.64
.12 6.66 4.72 6.68 5.12 6.16 5.64
.08 2.64 5.66 6.30 3.90 1 .28 5.64
.12 4.12 5.64 7.83 7.80 4.98 5.78
.93 3.60 3 . H 5.12 2.58 1 .82 3.62
. 60 0.68 5.94 1 .74 4.64 5.12 5.88
.17 3.11 2.91 2.81 3.61 2.46 2.58
.28 2.91 2.71 2.94 1 .92 2.01 2.78
.16 4.37 5.16 4.12 2.06 2.12 3.60
.00 0.52 2.96 3.27 3.08 4.12 2.08
. 62 6.16 4.62 4.00 3.22 4.10 4.10
.60 5.68 4.80 5.12 6.04 4.08 5.12
.64 5.60 5.12 5.12 7.72 5.64 5.64
.64 5.64 5.64 6.16 6.66 6.12 6.12
.48 6.00 5.16 6.16 8.10 7.68 7.16
.64 5.12 6.66 5.24 8.20 6.66 7.50
.64 5.16 5.12 5.64 4.60 7.90 7.16
. 60 3.48 8.60 2.04 1 .20 6 . 36 3.60
.60 6.16 5.12 5.12 3.60 4.12 5.64
.64 6.66 5.12 8.24 7.16 5 . H 6.16
.94 2.20 5.16 6.12 6.44 5.16 6.16
.06 7.16 5.64 6.66 6.66 6.16 6.66
.94 5.92 4.12 6.04 6.66 7.68 5.64
.14 5.16 6.16 6.28 6.66 3.60 5.64
.86 6.03 6.47 5.93 5.73 6.94 6.49
.70 7.64 7.70 5.64 7.16 8.56 5.64
8 ,
5
3
4
2
3
3
3
2
4
1
4
5
5
6
5
5
2
3
5
4
5
6
5
6
7
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APPENDIX C
SIMULATION - DP : FLOW CHARTS AND COMPUTER PROGRAMS 
INPUT FILES SPECIFICATIONS
Rainfall - in file RF.?? - format = Hf5.2
Evaporation - in file EV.?? - format = 14f5* 1
Water storage - in file SWS.?? - free format
Water storage increments - in file SWI.?? - free format
( ?? denotes the year ; e.g. 78 means 1978 )
There are two programs : GROWTH and SIMUL.
Both have been compiled using FORTRAN- 10 on a DEC--10 System.
GROWTH is composed of five modules : YEAR - enquires on data year
(Dynamic Programming Model) NULVID - video specs
DMAIN - main module
DYNAM - dynamic programming workings
PLANT daily plant simulation
SIMULN is composed of five modules : YEAR enquires on data year
(Simulation for new variety) NULVID - video specs
SNMAIN - main module
SIMULN - simuulation workings
SEEDN - daily plant simulation
SIMUL is composed of six modules : YEAR - enquires on data year
(Simulation for old variety ) NULVID - video specs
SMAIN - main module
SIMUL - simuulation workings
SEED1 - daily simulation 1st season
SEED2 - daily simulation 2nd season
NULVID can be swapped with VT100 or E6310 depending if your terminal has the 
enhanced video capabilities of the DEC VT100 or the ESPRIT 6310.
386
SC
COVET 
CODRY 
COIRR 
IXSUB 
STARTV - 
DAMSTO - 
DAMFAL - 
DAMTAP - 
VATVET - 
WATDRY - 
WATPTR - 
VETGR 
DRYGR 
FULLGR - 
WSDAM 
IWSINC - 
NPLANT - 
NPREP 
NSTART - 
ISWITCH - 
WS
WSINC
NPER
NDIS1
NDIS2
IWSINC -
IWS
NFEASB - 
NFEASC - 
TOTGRO - 
ENDSM 
ENDWS 
WITHDR - 
WATMAX - 
TSMMAX - 
GRMAX 
TSMPOL - 
IWATST - 
JWATST - 
JBEGSM - 
SMPOL 
WSPOL 
LASTWS - 
LASTWD - 
LASTSM - 
NFEASA - 
GR
TOTGR
F
ETZ
ETP
EO
SM
P
ETA
EFFRF
IRR
RF
TOTLIR - CUMGR
Variables used in the suite of programs
Seepage Contribution 
Irrigation Area Multiplier 
Irrigation Area Multiplier 
Irrigation Area Multiplier 
Initial soil moisture 
Initial water supply 
Forced Conservation figure 
Forced Conservation figure 
Restricted Inflow figure 
Pointer for wet season water 
Pointer for dry season water 
Water pointer (as above)
Wet season growth 
Dry season growth 
Total seasonal growth 
Storage in hypothetical dam 
No of divisions for each unit of water storage 
Last day of each season (array)
First day of growth (array)
Start of season (array)
Switch to choose DYNAM or SIMUL 
Water Storage figures (array)
Inflow figures (array)
Subscript for current stage
Tells PLANT the first day of simulation
Tells PLANT the last day of simulation
No of divisions for each unit of water storage
Integerizes WS and takes into account IWSINC
Logical indicating infeasibility (within stage)
Logical indicating infeasibility (between stages)
Growth for TSM/BSM/WATST combination (within stage)
End soil moisture (within stage)
End water supply (within stage)
Water withdrawl (within stage)
Dummy to record optimal end water supply 
Dummy to record optimal TSM policy 
Interstage growth for BSM/WATST combination 
Interstage optimal TSM for BSM/WATST combination 
Water storage subscript for array variables stage NPER 
Water storage subscript for stage (NPER-1)
BSM subscript for stage (NPER - 1)
Ending soil moisture for optimal TSM (interstage)
End water storage for optimal TSM (interstage)
Ending water storage for the season 
Water withdrawl for last week of season 
Ending soil moisture for the season
Logical infeasibility - on if insufficient water for stage 
Daily growth
Total growth for specified time period (NDIS1,NDIS2)
Crop Factor
Evapotranspiration Zone
Daily Potential Evapotranspiration
Daily Evaporation
Daily soil moisture
Soil Factor
Daily Actual Evapotranspiration 
Effective rainfall - currently 80$
Daily irrigation 
Daily rainfall
Total irrigation over timespan Cumulative growth
(wet season) 
(dry season) 
(us. 0.1968)
figures for DYNAM 
figures for DYNAM
M
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0  D MAIN
OPEN FILES
VIDEO
PRINT TITLES
INFLOW
Week 13
INCREMENT
W eek
Decrease dam by
0 938
READ R a in fa ll , Evaporation, 
W ater s to rage fig u re s_____
ENTER INITAL VALUES 
BEGSM ° 4  WAT ST
REDUCE INFLOW TO R IF  
l  ADD EXCESS TO 
H ypo the tica l dam
Calcu la te  POTENTIAL W ater storage 
= w s -1  x 0 -938  + INFLOW
SET W ater increm ent TO 2
SET P aram eter VaLues ( unless changed )
PREPARE fo r  WET SEASON 
SET W ater po in te r TO 
WET SEASON F igures
DYNAM
©  D M A IN
x  A ctual x  
Water supply
P otential 
■-•Water supply.
P R I N T  OUr Growth '& 
Water usage
TOTAL SEASON GROWTH = 
WET SEASON + DRY SEASON
CALCULATE fa l low  period ( 15 -  18 ) 
po ten t ia l  Water storage
SET POINTER to DRY SEASON 
FIGURES
SET A ctual Water supply = Potential 
SYPHON OFF excess to Hypothetical dam
SET Water supply fo r  DRY SEASON 
SET Potential supply fo r  DRY SEASON
CALCULATE Water storage fo r  f i r s t  week o f  fa l low 
by tank ing  0 938 of ENDWS of WET SEASON , 
SUBTRACT 0 - 6 2 x  withdrawl in las t week of season , 
ADD Hypoth. dam , SUBTRACT F-C F
SET BEGSM fo r  fa l low  s t im u la t ion  
SET START 8- END DAYS of fallow 
SET TSM at 100%
SET WATER LEVEL to th a t  expected fo r  begining of Week 18
DYNAM
END
390
©  S MAIN
START
VIDEO
SIMUL
PRINT TITLES
SET PARAMETERS = Values
READ WS Sr DS IRRIGATION 
CO-EFFECIENTS
391
j ( ? )  S IM U l
KK= 1
dry season
set parameters set parameters 
to
wet season
READ Terminal Soil Moisture reqd
READ Evap Rainfall Waterstorage
OUTPUT Results (D a ily , Weekly) 
TO FILE or TTY: or both
calculate water storage using 
weekly irrigation figures
calculate weekly totals for 
irrigation growth & no of days 
to which growth & irrigation 
occured
Return
392
IN T IA L IZ E  VARIABLES
SET TSM
SET IN FEASIBILITY TO FALSE
SET BEG SM
SET WATER STORAGE
YES
E TZ = 16 6
ETP= fa c to r  x Ec
lYES I r  es
P = 1 -0 /  i s \ /  IS  \
\  NO Xm o Eo
1 0 P = 0  8 P t 0 6
YES YES YES YES YES
P t  1 0 P = 0 7 P = 0-5 P = 0 '35 P=0-5 P=0-3 P=0 25 Pt O'1
393
©  S E E D /P LAN T
im g a t io ,  
. f lag  o n /
W LEVEL 
\ < 0 - ( L
SM = 0 0
SH  = 100
Effective Rainfall  
= 80 •/■ a c t u a l
SET INFEASIBLE FLAG
SUBTRACT IRRIGATION 
FROM W LEVEL
ETA = P x (1 -S C /1 0 0 1  ETP
SM = 100
TOTLIR = TOT L IR + IRR
IRRIGATION = COIRR x { E T Z -S M /1 0 0  x ETZ _1 -E T A  + EFFRF )
S M -1 x E T Z - i - E T A  + EFFRF
394
S E E D / P L A N T
DAY = la s t
NFEASIBLE 
v F L A G  ON,
TOT GR = 0
TOT WR = STARTING WATER
R e tu rn
GR r E iGR = E 6GRr
INCREMENT DAY BY 1
TOTAL GROWTH 
= TOTAL GROWTH + GR
I @  DY NA M
395
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YES
397
(8 ) OYNAM
STAGE
SELECT A PARTICULAR 
BEG SM & WAT ST
SET STAGE TO 13 
( le f i r s t  w eek )
RETRIEVE ENDWS & END SM 
fo r  com b ina tion  selected
PRINT OUT LIST OF OPTIMAL TSM 
po lic ies fg r  the 13 s ta g e s
RETRIEVE STORES
TSM policy fo r  th is  combination o f
BEG SM 8- WAT ST
DECREASE STAGE BY 1
BEG SM TO • 
END SM 
WAT ST TO 
END WS
R e tu rn
398
SUBROUTINE VIDEO( INV, NORM, TOP, BOT, ERASE, HOME, BOLD, DWD, UNL, 
INVSCN,NORSCN,SCROLL)
C-----------------------------------------------------------------------------------------------------------------------------------
C V I D E O - A  s u b r o u t i n e  t o  u t i l i z e  t h e  e n h a n c e d  v i d e o
c c a p a b i l i t i e s  o f  a n y  t e r m i n a l .
C
C
C-----------------------------------------------------------------------------------------------------------------------------------
C I N I T I A L I Z A T I O N
C...........................................................................................................................................................................
CHARACTERS VID1,ANS,YY
CHARACTERS INV, NORM, TOP, BOT, ERASE, HOME, BOLD, DWD, UNL, STATUS 
CHARACTERS INVSCN,NORSCN 
CHARACTERS SCROLL
^ A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A
^ A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A
VID1=CHAR(00)  ! NULL 
WRITE(STATUS,89)VID1 
WRITE(NORSCN,8 9 )VID1 
WRITE(INVSCN, 8 9 )VID1 
WRITE(H0ME,89)VID1 
W RIT E(T0P,8 9)VID1  
WRITE( BOT, 8 9 )VID1 
WRITE(UNL,89)VID1 
WRITE( DWD, 8 9 )VID1 
W R IT E ( IN V ,8 9)  VID1 
8 9  FORMAT( A 1 )
WRITE(ERASE,89)VID1 
WRITE(N0RM,89)VID1 
WRITE(BOLD,8 9 )VID1 
WRITE(SCROLL, 8 9 )VID1
C---------------------------------------------------------------------------------------------------------------------------------
END
o 
o 
o
399
SUBROUTINE VIDEO(INV,NORM,TOP,BOT,ERASE,HOME,BOLD,DWD,UNL, 
INVSCN,NORSCN,SCROLL)C- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
C V I D E O - A  subroutine to utilize the enhanced video
c capabilities of the VT100 series.
C I N I T I A L I Z A T I O N
C......................................................................
CHARACTERS VID1,VID2,VID3,VID4,VID5,VID6,VID7,VID8,VID9,VID10 
CHARACTERS VID11,ANS,VID12,VID13,VID14,VID15,YY,VID16,VID17,VID18 
CHARACTER*! VID19,VID20,VID21
CHARACTER*4 INV,NORM,TOP,BOT,ERASE,HOME,BOLD,DWD,UNL,STATUS 
CHARACTER*5 INVSCN,NORSCN 
CHARACTER*8 SCROLL
^ A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A
^ A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A
VID1=CHAR(27) ! ESCAPE
VID2=CHAR(91) ! [
VID3=CHAR(55) ! SEVEN
VID4=CHAR(109) ! m
VID5=CHAR(48) ! ZERO 
VID6=CHAR(57) ! 9
VID7=CHAR(51) ! 3
VID8=CHAR(52) ! 4
VID9=CHAR(50) ! 2
VID10=CHAR(74) ! J
VID11=CHAR(72) ! H
VID12=CHAR(59) ! ;
VID13=CHAR(114) ! r
VID14=CHAR(49) ! 1
VID15=CHAR(54) ! 6
VID16=CHAR(63) ! ?
VID17=CHAR(53) ! 5
VID18=CHAR(104) ! h
VID19=CHAR(108) ! 1
VID20=CHAR(07) ! BELL
VID21=CHAR(99) ! c
WRITE(STATUS,89)VID1,VID2,VID21 
WRITE(NORSCN,88)VID1,CHAR(100)
WRITE(INVSCN,88)VID1,CHAR(98)
WRITE(H0ME,89)VID1,CHAR(18)
WRITE(T0P,89)
WRITE(BOT,89)
WRITE(UNL,89)VID1,VID6,CHAR(96)
WRITE(DWD,89)
WRITE(INV,89) VID1,VID6,CHAR(81)
87 F0RMAT(1X,A1 ,A1,'4',A1 ,'24',A1)
88 FORMAT(5A1)
89 F0RMAT(4A1)
WRITE(ERASE,89)VID1,CHAR(28)
WRITE(N0RM,89)VID1 ,VID6,CHAR(64)
WRITE(B0LD,89)VID1,VID6,CHAR(67)
400
C
END
401
87
88 
89
SUBROUTINE VIDEO(INV,NORM,TOP,BOT,ERASE,HOME,BOLD,DWD,UNL, 
INVSCN,NORSCN,SCROLL)
V I D E 0 - A subroutine to utilize the enhanced video 
capabilities of the VT100 series.
I N I T I A L I Z A T I O N
CHARACTER*! VID1,VID2,VID3,VID4,VID5,VID6,VID7,VID8,VID9,VID10 
CHARACTER*! VID11,ANS,VID!2,VID13,VID14,VID15,YY,VID16,VID17,VID18 
CHARACTER*! VID19,VID20,VID2!
CHARACTER*4 INV,NORM,TOP,BOT,ERASE,HOME,BOLD,DWD,UNL,STATUS 
CHARACTER*5 INVSCN,NORSCN 
CHARACTER*8 SCROLL
A A A A ^ A A A A A  A' A A A A A A A A A A A A A A A A .  
A A A A A A A A A A A A A A A A A A A A A A A A A A A
. A  A  A  A  A  . A A A A A A A A A A A A A A
A A A A A A A A A A A A A A A A A A A A A A .
A A A A A 
A A A A A
VID1=CHAR(27) ! ESCAPE
VID2=CHAR(91) ! [
VID3=CHAR(55) ! SEVEN
VID4=CHAR(109) ! m
VID5=CHAR(48) ! ZERO 
VID6=CHAR(35) ! #
VID7=CHAR(5! ) ! 3
VID8=CHAR(52) ! 4
VID9=CHAR(50) ! 2
VID!0=CHAR(74) ! J
VID!!=CHAR(72) ! H
VID!2=CHAR(59) ! ;
VID13=CHAR(114) ! r
VID14=CHAR(49) ! 1
VID15=CHAR(54) ! 6
VID16=CHAR(63) ! ?
VID17=CHAR(53) ! 5
VID18=CHAR(104) ! h
VID!9=CHAR(108) ! 1
VID20=CHAR(07) ! BELL
VID21=CHAR(99) ! c
WRITE(STATUS,89)VID1,VID2,VID21
WRITE(N0RSCN,88)VID1 ,VID2,VID16,VID17,VID19
WRITE(INVSCN,88)VID1,VID2,VID16,VID17 ,VID1 8
WRITE(H0ME,89)VID1,VID2,VID1 1
WRITE(T0P,89)VID1,VID6,VID7
WRITE(BOT,89)VID1,VID6,VID8
WRITE(UNL,89)VID1,VID2,VID8,VID4
WRITE(DWD,89)VID1 ,VID6,VID1 5
WRITE(INV,89)(VID!,VID2,VID3,VID4)
F0RMAT(1X,A1 ,A1 ,'4',A1 ,’24’,A1 )
FORMAT(5A1)
FORMAT(4A1)
WRITE(ERASE,89)VID1,VID2,VID9,VID10 
WRITE(N0RM,89)VID1,VID2,VID5,VID4 
WRITE(B0LD,89)VID1,VID2,VID14,VID4 
WRITE(SCR0LL,87)VID1,VID2,VID!2,VID!3
402
C
END
403
C========:==================================================
C
C Y E A R  A subroutine to discover which year's data
C we are interested in
-------------------------------------------------------------
C A module to set up our data files according to the
C required year
c Links to DMAIN or SMAIN
SUBROUTINE YEAR (RAIN,EVAP,YR,SWS,SWI) 
C ---------------------------------------
c . . . . . . . . . . . . . . . . . . . . .
CHARACTER*5 RAIN,EVAP,YR 
CHARACTERS SWS,SWI 
INTEGER YEAR 
C..............................
WRITE(6,100)
100 F0RMAT(/' What year is under consideration ? /xx/ '$) 
READ(5,200)YEAR 
200 FORMAT(12)
C..............................................................
WRITE(YR,250)YEAR 
250 F0RMAT('19',I2)
WRITE(SWS,260)YEAR 
260 FORMAT('SWS.',12)
WRITE(SWI,270)YEAR 
270 FORMAT('SWI.',12)
WRITE (RAIN,300)YEAR 
300 FORMAT('RF.',12)
WRITE(EVAP,400)YEAR 
400 FORMAT(’EY.',12)
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
END
o 
o 
o
404
S N M A I N - Main module for ------> S I M U L N
----------- New Variety
C A program to simulate a two season model of a rice crop - 
C using various mechanisms to control moisture levels,
C and using the new variety
C
C
C
C
C
C--------------------------------------------------------------------
C
C Main module for ------> S I M U L N
C -----------
C Two season simulation (i) 13 week season
C (ii) 13 week season
C 
C 
C
C Fallow of 5 weeks duration 
Cc========================
C Initialization 
c========================
0 ************************************
CHARACTERS IHVSCN, NORSCN
CHARACTERS INV,NORM,TOP,BOT,ERASE,HOME,BOLD,DWD,UNL
CHARACTER*! ANS,ANSI,ANS2,ANS4
INTEGER DAYGRO(50),DAYIRR(50),WATDIM 
COMMON /ST1/SM(350),IRR(350)
COMMON /ST3/ T0TIRR(5O),CUMGR(350)
COMMON /ST4/ DAYGRO,DAYIRR 
COMMON /ST5/ SC,ITSM,COIRR 
COMMON /ST6/ NDIS1(9 ),NDIS2(9),IWS(50),S2(5)
COMMON /ST7/ NSTART(10),NPLANT(10),NPREP(1O)
COMMON /ST8/ IWATST,IBEGSM,IWSINC 
COMMON /ST9/ WLEVEL,TOTLIR,TOTGR 
COMMON /ST11/ NFEASA 
COMMON /ST12/ E0(35O),RF(350)
COMMON /ST14/ COWET,CODRY0 ***************************************
0===========================
C Call the video
C enhancer
C------------------------
CALL VIDEO(INV,NORM,TOP,BOT,ERASE,HOME,BOLD,DWD,UNL,
INVSCN,NORSCN,SCROLL)
C Inquiry Section
C
405
c---
WRITE(6,*)ERASE,HOME,INVSCN
WRITE(6,884)BOLD,TOP,NORM,BOLD,BOT,NORM
884 FORMAT(9X,2A4,'S I M U L N 7
1X,A4,8X,2A4,'S I M U L N ',A4)
WRITE(6,883)
883 FORMAT(///5X,'A program to simulate the 
WRITE(6,882)
growth of a rice plant')
882 FORMAT( ////////////' Press <RETURN>
READ(5, 881)ANS
to proceed.. ')
881 FORMAT(A1)
757 WRITE(6,*)N0RSCN
C...
WRITE(6,*)ERASE,HOME
C...
ISWTCH=1
WRITE(6,85)DWD,UNL,INV,NORM
85
C—
FORMAT(1 OX,3A4,' SIMULATION PROGRAM',A4//)
C—
WRITE(6,773)
773 FORMAT(' Enter the seepage contribution 
READ(5, *)SC
to ETA {%):')
0
 c ii ii ii Wet
C Irrigation conversion
C factor
c—
WRITE(6,604)
604 FORMAT
. (/' Do you wish to change the WS irrigation co-efficient ? '$)
READ(5,96)ANS4
IF( ANS4.EQ.'Y'.0R.ANS4.EQ.'y') THEN 
WRITE(6,605)
READ (5,*)COWET
ELSE
COWET = 0.1968
END IFc===============================
C Dry
C Irrigation conversion
C factor
C===============================
WRITE(6,606)
606 FORMAT
. (/' Do you wish to change the DS irrigation co-efficient ? '$)
READ(5,96)ANS4 
96 FORMAT(A1)
IF( ANS4.EQ.'Y'.0R.ANS4.EQ.'y') THEN 
WRITE(6,605)
605 F0RMAT(/' Enter your new co-efficient : '$)
READ (5,*)CODRY
ELSE
406
CODRY = 0.1968
END IFC================================================!
0===============================
C Program body
C
C--------------------------------
REWIND 11 
REWIND 12
NPLANT(1)=175 
NPLANT(2)=275 
NPREP(1)=49 
NPREP(2)=175 
NSTART(1)=1 
NSTART(2)=176 
S2(1) = 18
S2(2) = 13
0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
C Simulation Loop
C
C------------------------------
c- - - - - -0=============================
CALL SIMULN
c===============================
STOP ’This is the end!!!!!!'
END
C
407
C---------------------------------------------------------------------
C S I M U L N - A  program to simulate the growth of a rice
C plant.
C--------------------------------------------------------------------
C Version 1.4 - Planting starts on 50th day - First season
C Planting starts on 176th day - Second season
C Includes fallow of 4 weeks,irrigation, 6 days
C Links to SEEM
C
C--------------------------------------------------------------------
C I N I T I A L I Z A T I O N
C.....................................................................
SUBROUTINE SIMULN 
0 -----------------
CHARACTER*4 INV,NORM,TOP,BOT,ERASE,HOME,BOLD,DWD,UNL 
CHARACTER*5 INVSCN,NORSCN,RAIN,EVAP,YR 
CHARACTER*6 SWS,SWI 
CHARACTER*8 SCROLL
REAL ETA(350),ETP(350),F(350),P(350)
REAL ETZ(350),IRR(350),CUMGR(350),WS(50),WSINC(50) 
REAL TOTGRO(50),TOTGRR(50),GR(350)
INTEGER DAYGRO(50),DAYIRR(50),YEAR 
COMMON /ST1/SM(350),IRR 
COMMON /ST2/ GR,F ,P ,ETZ,ETA,ETP 
COMMON /ST3/ TOTIRR(50),CUMGR 
COMMON /ST4/ DAYGRO,DAYIRR 
COMMON /ST5/ SC,ITSM,COIRR 
COMMON /ST6/ NDIS1(9),NDIS2(9),IWS(50),S2(5)
COMMON /ST7/ NSTART(1 0) ,NPLANT(1 0),NPREP(10)
COMMON /ST8/ IWATST,IBEGSM,IWSINC 
COMMON /ST9/ WLEVEL,TOTLIR,TOTGR 
COMMON /ST11/ NFEASA 
COMMON /ST12/ E0(35O),RF(350)
COMMON /ST13/ LASTSM 
COMMON /ST14/ COWET,CODRY0=========================================================
C Open Necessary Files
c==================================================
CALL YEAR (RAIN,EVAP,YR,SWS,SWl)c=====================================
OPEN (UNIT=11,FILE=EVAP )
OPEN (UNIT=12,FILE=RAIN )
0PEN(UNIT=13,FILE= SWS )
0PEN(UNIT=14,FILE= SWI )
0PEN(UNIT=22,FILE='SIMUL.0UT’)
^  ^  A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A
C Initialization
C..............................................................
IWSINC = 1
q  A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A  A A A A A A A A A A A A A A A A A A A A A A A A
CALL VIDEO(INV,NORM,TOP,BOT,ERASE,HOME,BOLD,DWD,UNL,
408
INVSCN,NORSCN,SCROLL)
cvvvvvvvvvvvvvvvvvvvvvvvvvvvvwvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv
757 WRITE(6,774)
774 FORMAT(' Enter your Terminal Soil Moisture :') 
READ(5,*)ITSM 
TSM=ITSM 
WRITE(6,61 )
61 F0RMAT(' Do you require screen output :')
READ(5,82)ANS2
C------------------------------
READ(11,98)(E0(i ),1= 1,540)
READ(12,898) (RF(I),1= 1,340)
898 FORMAT(14F5.1 )
98 FORMAT(14F5.2)
c
READ(13,*)(WS(I),I=1,40) 
READ(14,*)(WSINC(I),1=1,40)0********************************************************
This is the Seasonal Loop
DO 151 KK = 1 ,2
C *
Q********************************************************
JJ = KK
IWATST = 100
NDIS1(JJ) = NSTART(JJ)
NDIS2(JJ) = NPLANT(JJ)
C\c \------------------------
0 **********************************************
IF (JJ.EQ.1) THEN 
IBEGSM = 0 
COIRR = COWET 
CALL SEEDN (jj)
ELSE
IF (WS(28).LT.O ) THEN
TYPE *,' This season has run dry !!!! 
GOTO 779
END IF
IBEGSM = LASTSM 
COIRR = CODRY 
CALL SEEDN (jj)
END IFQ **********************************************
C /-------------------------
c /0------------------------------
c - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
DO 665 H =  1 ,S2(JJ)
T0TIRR(II)=0.0
t o t g r r(i i )=o .o
d a y i r r(i i)=o .o
DAYGRO(ll)=0.0 
DO 664 JK=1,7
409
C
C
664
c
C
C
C
TOTIRR(ll) = TOTIRR(ll) + IRR(II*7+JK+NPREP(Jj)-7)
TOTGRR(ll) = TOTGRR(ll) + GR( NPREP(JJ)+11*7+JK-7)
IF (IRR(NPREP(JJ)+11*7+JK-7).GT.O.O) DAYIRR(II)=DAYIRR(II)+1 
IF (GR(lI*7+JK-7+NPREP(jj)).GT.O.O) DAYGR0(ll)=DAYGR0(ll)+1
CONTINUE
AAAAAAAA
Water Incremental Calculation
L = S2(1) * (JJ-1) + II !
;====================================================== I
IF(L.GT.1)
WS(L) = WS(L-1) * 0.938 + WSINC(L) - TOTIRR(ll)
!====================================================== I
I
665 CONTINUE
C~~'
C~~'
cc
CAA‘
498
499
AAAAAAAAAAAA, . AAAAAAAAAAAAAAAAA.
P R I N T E D  O U T P U T
A A A A A . A A A A
WRITE(22,498)SC,TSM
FORMAT(1X,'Seepage contribution = ',F4.0,'$',
5X,'Terminal Soil Moisture = ',F4.0,'$')
WRITE(22,499)
F0RMAT(1X ,
'DAY EO F ETP P ETA RF SM$ IRR ETzone GROWTH'
' ,' TOTGROWTH’/, '-------------------------------------- '
--------------------------------------’)
398
DO 500 i=n s t a r t(j j ),n p l a n t(j j )
WRITE(22,398)l,E0(l),F(i ),ETP(l),P(l),ETA(i ),RF(l),SM(I),
i r r (i ),e t z (i ),g r (i ),c u m g r(i )
FORMAT(13,3X,5F5.2,F6.1,1X ,F6.2,F6.2,2X, F6.2,1X,F6.2,3X, F7.2)
500 CONTINUE
DO 653 H=1 ,S2(JJ)
C
L = S2(1) * (JJ-1) + II 
C
WRITE(22,652)11,DAYIRR(II),TOTIRR(II),DAYGRO(II)
,t o t g r r(i i ),w s (l )
652 FORMAT(1X ,' PERIOD #',I2,’ : NO OF DAYS OF IRRIGATION :'
,I5,/15X,' TOTAL IRRIGATION : ’,4X,F11.2,
410
/15X,' NO OF DAYS OF GROWTH : 'fI8f/l5X,' TOTAL GROWTH : 
5X,F13.1/’ TOTAL STORAGE : ',5X,F13.1)
653 CONTINUE
^ A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A ’A A A A A A A A A A A A A A A A A A A A A A A A A A A A A
C S C R E E N  O U T P U T
^ A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A l A A A A A A A A A A A A A Au
82 FORMAT(A1)
IF(ANS2.EQ.'Y') THEN 
w r i t e (6, *)ERASE,HOME 
WRITE(6,* )SCR0LL
WRITE(6,772)INV,SC,NORM,INV,TSM,NORM 
772 FORMAT(1X ,A4,'Seepage contribution = ',F4.0,'$',
. A4,5X,A4,'Terminal Soil Moisture = ',F4.0,'%',A4)
WRITE(6, 199)BOLD,UNL,NORM 
199 FORMAT(1X,2A4,
.'DAY EO F ETP P ETA RF SM$ IRR ETzone GROWTH 
. TOTGROWTH’,A4)
C.....................
DO 350 I=NSTART(JJ),NPLANT(JJ)
WRITE(6, 198)l,E0(l),F(l),ETP(l),P(l),ETA(l),RF(l),SM(l),
IRR(I),ETZ(I),GR(I),CUMGR(I)
198 F0RMAT(1X,I3,3X,5F5.2,F6.1,1X,F6.2,F6.2,2X, F6.2,1X,F6.2,3X, F7.2)
350 CONTINUE
S U M M A R Y D I S P L A Y
C
C
662
DO 663 H=1 ,S2(JJ)
L = S2(1) * (JJ-1) + II
WRITE(6,662)INV,II,NORM,DAYIRR(II),TOTIRR(II),DAYGRO(II)
,t o t g r r(i i ),w s (l )
FORMAT(1X,A4,' PERIOD #',I2,A4,’ : NO OF DAYS OF IRRIGATION :'
,I5,/15X,' TOTAL IRRIGATION : ',4X,F11.2,
/15X,' NO OF DAYS OF GROWTH : ',I8,/15X,' TOTAL GROWTH : ', 
5X,F13-1/,’ TOTAL STORAGE : ',5X,F13-1)
663
151
C—
C
C—
CONTINUE 
END IF 
CONTINUE
End of Seasonal Loop
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779 WRITE(6,770)
770 FORMAT^ Do you require further simulations ?')
READ(5,82)ANS 
IF (ANS.EQ.'Y') GO TO 757 
756 CLOSE (UNIT=22)c=============================================
RETURNC=============================================
END
o 
o 
o
412
C S E E D N  - A  subroutine to simulate the day to day
C --------  growth of the new variety rice plant
C for the season.
C
C Length : 13 weeks
0===========================================================
Links t o --- > S I M U L N
c
c IN : NDIS1(JJ) - defines start of req periodc — NDIS2(JJ) - defines end of req period
c JJ - defines wet or dry season (wet = 1, dry =c NPREP(JJ) - defines length of preparation
c ITSM - defines current TSM policy (40 -> 100)
c IWATST - defines water level index
c
cp IBEGSM
water level = IWATST/lWSINC 
- defines beginning soil moisture (40 -> 100)
c OUT : TOTGR - defines total growth for period
c cum g r(i ) - defines cumulative growth to day I
c NFEASA - defines if we run out of water (yes/no)
c
c
c
TOTLIR - defines total irrigation used over period
SUBROUTINE SEEDN (jj)
C --------------------
^ a ä a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a
REAL IRR(350),WSINC(50),ws(50)
REAL CUMGR(350)
REAL ETA(350),ETP(350),F(350),P(350),ETZ(350),GR(350) 
LOGICAL NFEASA,IRRCHK
COMMON /ST1/SM(350),IRR 
COMMON /ST2/ GR,F,P,ETZ,ETA,ETP 
COMMON /ST3/ TOTIRR(50),CUMGR 
COMMON /ST4/ DAYGR0(5O),DAYIRR(50)
COMMON /ST5/ SC,ITSM,COIRR
COMMON /ST6/ NDIS1(9),NDIS2(9),IWS(50),S2(5)
COMMON /ST7/ NSTART(10),NPLANT(10),NPREP(10)
COMMON /ST8/ IWATST,IBEGSM,IWSINC
COMMON /ST9/ WLEVEL,TOTLIR,TOTGR
COMMON /ST11/ NFEASA
COMMON /ST12/ EO(350),RF(350)
C..............................
C Declarations
C..............................
TSM = ITSM 
NFEASA = .FALSE.
BEGSM = IBEGSM 
ACTWAT = IWATST 
WLEVEL = ACTWAT / IWSINC 
TOTLIR = 0
413
C. . . 
C,,,
TOTGR = 0.0
DO 100 I=NDIS1(JJ),NDIS2(JJ)
IF (I.LE.NPREP(JJ)+ 91.AND.
I.GT.NPREP(jj).or. I.EQ.169 ) THEN
IRRCHK = .TRUE.
ELSE
END IF
IRRCHK = .FALSE.
C ...................
C Initialization
C ...................
GR(I) = 0.0 
IRR (I) = 0
C» > > >
C,,,,
IF (I .LT.NPREP(J J ) +1 6) THEN
ELSE IF 
ELSE IF 
ELSE IF 
ELSE IF 
ELSE IF 
ELSE
F(l)=0.11
(I.LT.NPREP(JJ)+31) THEN
F(l)=0.20
(I.LT.NPREP(JJ)+41 ) THEN
F(l)=0.35
(I.LT.NPREP(JJ)+61 ) THEN
F(I)=0.66
(I .LT.NPREP(JJ)+76) THEN
F(l)=0.81
(i.LT .NPREP(JJ)+101) THEN
F(I)=0.71
END IF
F(l) = 0.11
c°  9 j y 9 y
n^
 9 9 9 9 ?
C * » t 
C f » »
IF (I .LT.NPREP(J J ) +16) THEN
ETZ(l) = 16.6
ELSE IF (l.LT.NPREP(jj)+36) THEN
ETZ(l) = 16.6 + 1 .67*(I-NPREP(JJ)-16) 
ELSE IF (I.LT.NPREP(JJ)+101) THEN
ETZ(l) = 50.0
ELSE
END IF
ETZ(l) = 16.6
ETP(I) = F(I) * E O (I )
C On the first day of each week we asssume
C BEGSM equals SM of last day of previous week
C and evap. transport zone of day 1 equals ETZ of
C day 7 of week before.
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IF (I.EQ.NDIS1(JJ)) THEN 
SM(I-1) = BEGSM 
ETZ(l-1) = ETZ (I)
END IF
IF (SM(I-1).GE.75) THEN 
ELSE IF (SM(l-1).GE.50.AND.EO(l) 
ELSE IF (SM(I-1).GE.50.AND.E0(l) 
ELSE IF (SM(I-1).GE.50) THEN 
ELSE IF (SM(I-1).GE.25.AND.E0(l) 
ELSE IF (SM(I-1).GE.25.AND.E0(l) 
ELSE IF (SM(I-1).GE.25.AND.E0(l) 
ELSE IF(SM(l-1).GE.25) THEN 
ELSE IF (E0(l).LE.3.0) THEN 
ELSE IF (E0(l).LE.4.0) THEN 
ELSE IF (E0(I).LE.6.O) THEN 
ELSE 
END IF
p (i H  .0
.LE.4.0) THEN 
P(l)=1.0 
.LE.6.0) THEN 
P(l)=0.8
P(l)=0.6 
.LE.3.O) THEN 
P(I)=1.0 
.LE.4.0) THEN 
P(l)=0.7 
.LE.6.0) THEN 
P(l)=0.5
P(l)=0.35
P(I )=0.5
P(l)=0.3
P(l)=0.25
P(l)=0.15
991 ETA(l) = P(l) * (1 - SC / 100) * ETP(l)c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
EFFRF = 0.8 * RF(l) !----> Effective rainfall = 80$ rain
C......................................................................
SM(l) = (SM(I-1)/100 * ETZ(l-1) - ETA(l) + EFFRF)/ETZ(I)*100
C_______________
C Soil Moisture 
c Bounds
C________________
IF (SM(I).GT.100) SM(l) = 100.0 
IF (s m (i ).l t .o .o ) SM(l) = 0.0
C________________
C_____________________________________________________________
C
C If growing has finished or started then we don't irrigate
c or have any growth
C__________ ___
IF ( IRRCHK ) THEN 
C
o 
o 
o
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IF (s m(i ).l t.t s m) THENc- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
c Water level and irrigation calculations
c =======================================
C COIRR -> Conversion to specified acre/ft value
C--------------------------------------------------------
IRR(l) = COIRR *( ETZ(l) - (SM(I-1)/100 *ETZ(l-1)-ETA(I)+EFFRF)) 
WLEVEL = WLEVEL - IRR(l)
IF( WLEVEL.LT.O) THEN
NFEASA = .TRUE.
GO TO 888
END IF
SM(l) =100
TOTLIR = TOTLIR + IRR(l)
C_________________________________
END IF
6 > > » > »
c This is where growth is 
calculated for any day
9 9 9 9 9c_ _ _ _ _ _ ^  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
C I f  P(I) does not equal one or we are outside the 
C growing season then growth does not occur.
C
IF (P(I).EQ.1 ) THEN 
Cc Stage (1) 14 days 0.47c (2) 20 days 2.58c (3) 35 days 0.69c (4) 21 days 1 .64
C
C__________ ______________________________
IF (l.LE.NPREP(JJ)+14) THEN
GR(l)=0.47
ELSE IF (l.LE.NPREP(jj)+34) THEN
GR(l)=2.58
ELSE IF (l.LE.NPREP(jj)+69) THEN
GR(l)=0.69
ELSE IF (l.LE.NPREP(jj)+90 ) THEN
GR(l)=1.64
ELSE
g r(i )=0.00
END IF 
C
END IF
C_______________________ _
END IF
CUMGR(l)
TOTGR
CONTINUE
= CUMGR(l-l) + GR(l)
= cumgr(i)
Cumulative growth for SIMUL
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C Infeasibility Condition 
C
C---------------------------
IF (NFEASA) THEN
TOTLIR = ACTWAT/IWSINC 
TOTGR = 0
END IFC======================
ENDc======================
417
C—
C
C
C
C
C
C
C
c—-
c
c
c
c
C
C
C-
c
c
c
c
c
c
c
C=:
C
C=c
D M A I N - Main module for DYNAM
A Program to provide a dynamic programming solution to 
the problem of optimal water allocation to rice crops taking 
into account different seasons,rainfall,evaporation, and 
Terminal Soil Moisture policies.
Version 1.3 - Incorporates Optimal Allocation
Between wet and dry seasons
- Advances whole season/s by 7 days
- Inquires what year data is required
This is the main module that links to subroutines:
VIDEO
PLANT
DYNAM
Initialization
CHARACTERS
CHARACTERS
CHARACTERS
CHARACTERS
************************************
INVSCN,NORSCN,RAIN,EVAP,YR 
SWS,SWI
INV,NORM,TOP,BOT,ERASE,HOME,BOLD,DWD,UNL 
ANS,ANSI,ANS2,ANS4
REAL ¥S(40),WSINC(40),LASTSM,LASTWS,LASTWD,IRR(300),DAMVAR 
INTEGER DAYGRO(30),DAYIRR(30),WATDIM
PARAMETER (DAMVAR=10) ! set high to turn
! RIF facility off
COMMON /ST1/ SM(300),IRR
COMMON /ST5/ SC,ITSM,COIRR
COMMON /ST6/ NDIS1(9),NDIS2(9),IWS(30)
COMMON /ST7/ NSTART(10),NPLANT(10),NPREP(10)
COMMON /ST8/ IWATST,IBEGSM,IWSINC 
COMMON /ST9/ VLEVEL,TOTLIR,TOTGR 
COMMON /ST12/ E0(300),RF(300)
COMMON /ST1 3/ WSINC,WS,WATPTR,IXSUB,LASTSM,STARTW,LASTWS,LASTWD, 
. GRSEAS
C ***************************************
C Call the video
C enhancer
C--------------------------
CALL VIDEO(INV,NORM,TOP,BOT,ERASE,HOME,BOLD,DWD,UNL,
INVSCN,NORSCN,SCROLL)
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C Print Opening Headings 
C---------------------
WRITE(6,*)ERASE,HOME,INVSCN 
WRITE(6,884)BOLD,TOP,NORM,BOLD,BOT,NORM 
884 FORMAT(9X,2A4,'G R 0 W T H'/
1X,A4,8X,2A4,'G R 0 W T H*,A4)
WRITE(6,883)
883 FORMAT(///5X,'A program to simulate the growth of a rice plant') 
WRITE(6,882)
882 FORMAT( ////////////' Type Return......... ')
READ(5, 881)ANS 
881 FORMAT(A1)
757 WRITE(6,*)NORSCN
WRITE(6,*)ERASE,HOME 
C...................c. . . . . . . . . . . . .
ISWTCH=0
WRITE(6,84)DWD,UNL,INV,NORM 
84 FORMAT(1 OX,3A4,' DYNAMIC PROGRAM’,A4//)
C=============================
C Seepage Contribution 
C=============================
WRITE(6,773)
773 F0RMAT(' Enter the seepage contribution to ETA (%): '$)
READ(5, *)SCc===============================
0========================
c Wet
c Irrigation conversion
c factor
C===:
WRITE(6,604)
604 FORMAT
. (/' Do you wish to change the WS irrigation co-efficient ?
READ(5,96)ANS4
•$)
96 FORMAT(A1)
IF( ANS4.EQ.'Y'.0R.ANS4.EQ.V) THEN 
WRITE(6,605)
605 F0RMAT(/' Enter your new co-efficient : '$) 
READ (5,*)COWET
ELSE
COWET = 0.1968
END IF
C===c Dryc Irrigation conversionc factorc-
WRITE(6,809)
809 FORMAT
. (/' Do you wish to change the DS irrigation co-efficient ?
READ(5,96)ANS4
IF( ANS4.EQ.’Y ’.0R.ANS4.EQ.V) THEN
■$)
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WRITE(6,605)
READ (5,*)CODRY
ELSE
CODRY = 0.1968
END IFc================================================»
C Beginning Soil Moisture 0================================================
WRITE(6,603)
603 F0RMAT(/' Enter the Beginning Soil Moisture : '$)
READ(5,*)IXSUB 
IXSUB=IXSUB/10(?=================================================
C Beginning Water Supplyc=================================================
WRITE(6,602)
602 F0RMAT(/' Enter the Beginning Water Supply : '$)
READ(5,*)STARTW
C Set the Forced Conservation figure - default : 20
WRITE(6,601 )
601 FORMAT
. (/' Do you wish to change the Forced Conservation figure : '$)
READ (5,96) ANS4
IF(ANS4.EQ.'Y'.0R.ANS4.EQ.'y') THEN 
WRITE(6,606)
606 FORMAT(/' Enter new figure : '$)
READ(5,*)DAMST0
ELSE
DAMSTO = 20
END IF
DAMFAL = DAMSTO
C====: 
C Set the restricted inflow figure - default : 3
WRITE(6,607)
607 FORMAT
. (/' Do you wish to change the Restricted Inflow figure : '$)
READ (5,96) ANS4
IF(ANS4.EQ.'Y'.0R.ANS4.EQ.*y') THEN 
WRITE(6,608)
608 F0RMAT(/' Enter new figure : 
READ(5,*)DAMTAP
ELSE
DAMTAP = 3
•$)
END IF
c
p--- CALL YEAR (RAIN,EVAP,YR,SWS,SWI)
OPEN (UNIT=11,FILE=EVAP )
OPEN (UNIT=12,FILE=RAIN )
0PEN(UNIT=13,FILE= SWS )
0PEN(UNIT=14,FILE= SWI )
0PEN(UNIT=21,file=’dynam.out’)
420
0PEN(UNIT=22,FILE=,P0LICY.0UT') 0==================================================
Write(6,609)INV,NORM
609 Format(/,1X,A4,' Entering the Main P r o g r a m . a 4 / / )  0==================================================
C Read Rainfall and Evap. Figures 
c==================================================
READ(11,98)(E0(i ),1= 1,268)
READ(12,898)(RF(I),I= 1,268)
898 FORMAT(14F5.1)
98 FORMAT(14F5.2)c========================:===
C Program body
C.......................
C ----  Initialize values -
C----------------------------
IWSINC = 2 
NPLANT(1 )=175 
NPLANT(2)=275 
NPREP(1)=49 
NPREP(2)=175 
NSTART(1)=8 
NSTART(2)=176 
WATWET = 14 
WATDRY = 3 2
c============;===================
C Simulation!
C Dynamic \-> Loop
C-------------------------------c_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
C Water Storage Routine 
C
C.................
READ(13,*)(WS(l),I=1 ,31 )
READ(14,*)(WSINC(l),1=1 ,31 )
C................c . . . . . . . . . .
DO 333 1=2,13 
C________
IF (WSINC(l).GT.DAMTAP ) THEN
WSDAM = WSDAM * 0.938 + WSINC(l) - DAMTAP 
WSINC(l) = DAMTAP
ELSE
WSDAM = WSDAM * 0.938
END IF
C
WS(l) = WS(I-1) * 0.938 + WSINC(l)
333 CONTINUE 
c
C W E T  S E A S O Nc~~. . . . . . . . . . .
JJ = 1
421
WRITE(22,51 4)YR,STARTW,IXSUB*10,DAMSTO,DAMTAP
514 FORMAT(//,T20 ' G R O W T H -  ',A4,/T20,' -----------’ ,//
. 'Here is a list of policies for starting water supply of'/ 
. ,F4.1,' cu ft and beginning soil moisture of ',13 ,' %'/
. 'and Forced Conservation Figure of ,f5-1,* cu ft'/
. 'plus a Restricted Inflow Figure of 'f5•1,* cu ft'//)
c.......
COIRR = COWET
WATPTR = WATWET ! Pointer set to Wet Season figures
CALL DYNAM (jj)
WETGR = GRSEAS
WRITE(22,511)WETGR
511 FORMAT(/' Wet Season Growth = ’,f10.2)
0
! ------ Empty Dam into main supply — _
! _________ Water Supply into Fallow______ _ _ _________________
WS(14) = 0.938*LASTWS/2 - 0.062*LASTWD+ WSINC(14) + WSDAM - DAMSTO 
DAMSTO = 0.938 * DAMSTO 
WSDAM = 0
DO 334 1=15,18
IF (WSINC(l).GT.DAMTAP ) THEN
WSDAM = WSDAM * 0.938 + WSINC(l) - DAMTAP 
WSINC(I) = DAMTAP
ELSE
WSDAM = WSDAM * 0.938
END IF
WS(l) = WS(I-1) * 0.938 + WSINC(I)
DAMSTO = 0.938 * DAMSTO
334 CONTINUE
c
C F A L L O W  
C________________
c..........................
IBEGSM = INT (LASTSM + 0.5)* 10 ! Fallow
NDIS1(JJ) = 141 !
NDIS2(JJ) = 175 ! First 4 weeks
IWATST = WS(18) * IWSINC ! no irrigation - 1 day
ITSM = 100 ! irrigation - 6 days
WRITE(22,302)IBEGSM,WS(14),DAMFAL
302 FORMAT(/' F a 1 1 o w '/' Beginning Soil Moisture = ',14,/
. ' Beginning Water Supply = ',F6.2/
. ' Secondary Dam holds ',f6.2,' cu ft'//)
CALL PLANT (JJ,ISWTCH)
DO 305 KA = 141,175
422
305 WRITE(22,306)KA,SM(KA),IRR(KA)
306 FORMAT(' DAY ',14,' SM = ',F6.2,' IRR = ',F6.2)
!________ Water Supply into Dry Season
DRYWS = WS(18)*0.938 - TOTLIRc. . . . . . . . . . . . . . . .
C D R Y  S E A S O N  
C
DAMTAP = DAMVAR ! Set high to turn off 
DO 335 1=19,31
IF (WSINC(I).GT.DAMTAP ) THEN
WSDAM = WSDAM * 0.938 + WSINC(l) - DAMTAP 
WSINC(l) = DAMTAP
ELSE
WSDAM = WSDAM * 0.938
END IF
WS(l) = WS(l-1) * 0.938 + WSINC(l)
TYPE *,WS(l)
DAMSTO = DAMSTO * 0.938
335 CONTINUE
C _______________________
COIRR = CODRY
WATPTR = WATDRY ! Pointer set to Dry Season figures
IXSUB = INT(SM(175)/10 ! Beg SM = Last SM of Fallow
+ 0.5) !
IF (DRYWS.GT.WS(19)) THEN ! Beg WS = First WS of Dry season 
STARTW = WS(19)
DAMSTO = DAMSTO + DRYWS - WS(19)
ELSE
STARTW = DRYWS 
END IF 
C
WRITE(22,99)
WRITE(22,301)lXSUB*10,STARTW 
99 FORMAT(/,' Dry Season')
301 FORMAT(' Beginning Soil Moisture = ',14,/
. ' Beginning Water Supply = ',F6.2)
C
CALL DYNAM (jj)C -------------
DRYGR = GRSEAS 
FULLGR = DRYGR + WETGR 
WRITE(22,512)DRYGR,FULLGR 
WRITE(22,303)WSDAM+DAMSTO+LASTWS/2 
512 FORMAT(/' Growth for the dry season = ',f10.2,/
. ' Growth for the year = ',f10.2)
303 " FORMAT(/' There is \F6.2,' cu. ft. of water left.')
C />...................................................
C /c /
0/
423
C-------------------------------------------------------
515 WRITE(6,513)
515 FORMAT(//,' This completes the simulation....'//)
C
CLOSE (UNIT=22)0================================
END
C
o 
o 
o
424
I
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I This subroutine simulates the dynamic programming
1
1
solution to the water storage problem.
1 Version 7 - Generalized water increments
1 - Infeasibility Traps
1
1
1
Strategy Selection
C Links ------- > DMAIN.FORc=======================================================================
SUBROUTINE DYNAM(jj) c - - - - - - - - - - - - - -
cc
INTEGER WATDIM 
PARAMETER (WATDIM=120)
REAL IRR(300),GRMAX(15,4:10,WATDIM ),ENDSM(4:10,WATDIM,4:10)
REAL WSINC(40),WS(40),FIG4,LASTSM,LASTWS,LASTWD 
REAL WATMAX(20),TSMMAX,TOTGRO(4:10,WATDIM,4:10)
REAL ENDWS(4:10,WATDIM,4:1 0),WITHDR(4:10,WATDIM,4:10)
REAL TSMP0L(15,4:10,WATDIM),WSPOL( 1 5,4:10,WATDIM)
REAL SMPOL(15,4:10,WATDIM),WDRAWL(15,4:10,WATDIM)
CHARACTERS ANS4
LOGICAL NFEASA,NFEASB(4:10,WATDIM,4:10),NFEASC(15,4:10,WATDIM) 
COMMON /ST1/SM(300),IRR 
COMMON /ST4/ DAYGRO(30),DAYIRR(30)
COMMON /ST5/ SC,ITSM,COIRR
COMMON /ST6/ NDIS1(9),NDIS2(9),IWS(30)
COMMON /ST7/ NSTART(10),NPLANT(10),NPREP(10)
COMMON /ST8/ IWATST,IBEGSM,IWSINC 
COMMON /ST9/ WLEVEL,TOTLIR,TOTGR 
COMMON /ST11/ NFEASA 
COMMON /ST12/ E0(300),RF(300)
COMMON /ST13/ WSINC,WS,WATPTR,IXSUB,LASTSM,STARTW,LASTWS,LASTWD, 
GRSEAS
u----
C----
n
TYPE ' '
IWSINC = 2 ! IWSINC sets the water incrementsI
I for the analysise.g. a value of 2 means
! we are looking at intervals of 0
n----
STARTW = INT(STARTW*IWSINC +0.5)
DO 200 NPER = 1 ,13c- - -
TYPE *,CHAR(13)
WRITE(6,571 )NPER
571 FORMAT(1H+,'Entering stage ',I3,$)
Cvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv
o 
o 
o 
o
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C ---------------------------------
c Calculate start & end day of
c each period.
c ----------------------------------------------------------------
NDIS1(jj)=NPREP (Jj)+7* (13-NPER) + 1 
NDIS2(jj)=NPREP (Jj)+7* (H-NPER) 
i w s(n p e r) = i n t (w s (wat ptr - NPER)*IWSINC+0.5) 
WSINC(NPER) = WSINC(WATPTR - NPER)
Calculate the max water storage capacity for each 
period
C
C
C
DO 170 ITSM = 100,40,-10
WRITE(6,572)
DO 170 IWATST = 0,IWS(NPER) 
DO 170 IBEGSM = 40,100,10
FORMAT(1H+,'.'$)
Initialization
c.............................I
NFEASB(ITSM/10,IWATST+1,IBEGSM/10) = 
NFEASC(NPER,IBEGSM/10,IWATST+1)
;
Cvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv!
C
CALL PLANT (JJ,ISWTCH) !=====
.FALSE.
.FALSE.
> Go get the daily growth details
c
C
T0TGR0(ITSM/10,IWATST+1,IBEGSM/10) = TOTGR 
ENDSM(ITSM/10,IWATST+1,IBEGSM/10 ) = SM(NDIS2(JJ))
ENDWS(ITSM/10,IWATST+1,IBEGSM/10) = WLEVEL 
WITHDR(ITSM/10,IWATST+1,IBEGSM/1 0) = TOTLIR 
NFEASB(ITSM/10,IWATST+1,IBEGSM/1 0) = NFEASA
CONTINUE
Investigate the 13 individual stages and 
compose optimal stategy paths.
0=: = = = = = = = =:=: = = =: = = = = =: =  = = =: = =:=: = =: = = = = = = = = =: = = = = = = = = = =: s  = = = zs s  = = =:
C Comparison between successive periods
C --------------------------------------
C-----------------------------------------------
IF (NPER.NE.1) GO TO 886
o 
o 
o
426
AAAAAAAAAAAAAAAAAAAAAAAMAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAC
C WRITE(21,551)lXSUB*10
551 FORMAT (1X,'BWS',3x,'TSM Policy',3x,'Return',3x,'Withdrawl',
3x,'Ending WS',3x,'Ending SM’,8X,'SM = ’,13,
./’ ----------------- ',------------------------------V)
^AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
cccc
DO 103 IBEGSM =4,10 
DO 103 IWATST= 0,IVS(NPER)
Initialization
WATMAX(IBEGSM) = 0
TSMMAX = 100
TEST1 = 0
C...................................
DO 101 ITSM = 10,4,-1
End water supply for optimal 
policy combination 
Optimal TSM policy 
Dummy growth value
TEST2 = T0TGR0(lTSM,IWATST+1 ,IBEGSM)
IF (TEST2.GT.TEST1) THEN
WATMAX(IBEGSM) = IVATST 
TSMMAX = ITSM*10
END IF
GRMAX(NPER,IBEGSM,IWATST+1) = AMAX1(TEST1,TEST2) 
TEST1 = GRMAX(NPER,IBEGSM,IWATST+1)
101 CONTINUE
C---------------------------------------------------------
IF (ENDWS(TSMMAX/10,IWATST+1 ,IBEGSM).LT.0)
ENDWS(TSMMAX/10,IWATST+1,IBEGSM) =0 .0
Strategy selection
WDRAWL(NPER,IBEGSM,IWATST + 1 ) = WITHDR(TSMMAX/10,IWATST+1,IBEGSM) 
TSMPOL(NPER,IBEGSM,IWATST+1) = TSMMAX
WSPOL(NPER,IBEGSM,IWATST+1) = ENDWS(TSMMAX/10,IWATST+1,IBEGSM)
* IWSINC
SMPOL(NPER,IBEGSM,IWATST+1) = ENDSM(TSMMAX/10,IWATST+1,IBEGSM)/10
c.......
C DAM 2 
C......
ACTWAT = IWATST
C WRITE(21,553)ACTWAT/IWSINC,TSMMAX,
C . GRMAX(NPER,IBEGSM,IWATST+1),
C . WITHDR(TSMMAX/10,IWATST+1 ,IBEGSM),
C . ENDWS(TSMMAX/10,IWATST + 1 ,IBEGSM),
C . ENDSM(TSMMAX/10,IWATST+1 ,IBEGSM)
C—
103 CONTINUE
427
886 IF (NPER.EQ.1.) GO TO 200c=========================================
DO 106 IBEGSM =4,10
DO 106 IWATST= 0,I¥S(NPER) ! Beginning water levelI
C.....................................
c
c Initialization
0=========================================
c-----------------------------------
WATMAX(IBEGSM) = 0
TSMMAX = 0
TEST1 = 0
C.................................
c///////
End water supply for optimal 
policy combination 
Optimal TSM policy 
Dummy growth value
DO 107 ITSM = 10,4,-1
C/////// !-------------
Actual water storage is WATST index 
divided by IWSINC which in this case 
is two i.e. 0.5 increments
RWATST = WITHDR(ITSM,IWATST+1,IBEGSM) 
ACTWAT = IWATST
GWATST = ACTWAT/IWSINC*0.938 - RWATST +WSINC(NPER-1)I
JWATST = INT(GWATST *IWSINC+.5)
c----------------------------------------
c Set boundary conditions
C----------------------------------------
IF (JWATST.GT.IWS(NPER-1)) JWATST= IWS(NPER-1) 
IF (JWATST.LT.O) JWATST=0
! End water supply for current stage =
! Beginning water supply for previous stage]I_________________________________________
^ A A A A A A A A A A A A A A A A A A A A A A A Ä A A A A A A A A A A A A A A A A A A A A
C This is the gutz of the program 
C Here we compare the current stage I
c with the cumulative growth of all
c stages below it ie. 1....J where 
c J = 1-1
c Variables starting with I denote the | 
c current stage and those beginning with]
c J denote stages up to stage I
C__________________________________________ ]
C
C DAM 2 CHECK 
C
C------------------------
c
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JBEGSM = INT(ENDSM(lTSM,IWATST+1,IBEGSM)/10 + 0.5) 
TEST2 = T0TGR0(lTSM,IWATST+1 ,IBEGSM)
+ GRMAX(NPER-1,JBEGSM,JWATST+1)
Infeasibility Filter
IF (NPER.GE.3) THENI
IF (NFEASB(lTSM,IWATST+1,IBEGSM)
.OR. NFEASC (NPER-1,JBEGSM,JWATST+1)) GO TO 107
ELSE
IF (NFEASB(ITSM,IWATST+1,IBEGSM)) GO TO 107 
END IFc========================================================
IF (JBEGSM.LT.4) TEST2 = 0
C----------------
IF (TEST2.GE.TEST1) THEN
WATMAX(IBEGSM) = JWATST 
TSMMAX = ITSM*10
END IF 
C .......
107
c—
C-
C'
c
c
c
GRMAX(NPER,IBEGSM,IWATST+1) = AMAX1(TEST1,TEST2) 
TEST1 = GRMAX(NPER,IBEGSM,IWATST+1)
CONTINUE
This sets infeasibility if there were no feasible 
combinations of policies for the given 
beginning soil moisture and water storage
ACTWAT = IWATST 
IF (TSMMAX.EQ.O) THEN
NFEASC(NPER,IBEGSM,IWATST+1) = .TRUE.
ELSE
WDRAWL(NPER,IBEGSM,IWATST+1 ) = WITHDR(TSMMAX/10,IWATST+1,IBEGSM) 
TSMPOL(NPER,IBEGSM,IWATST+1) = TSMMAX 
WSPOL(NPER,IBEGSM,IWATST+1) = WATMAX(IBEGSM)
SMPOL(NPER,IBEGSM,IWATST+1)
= INT(ENDSM(TSMMAX/1 0,IWATST+1 ,IBEGSM)/10+0.5)
IF (WSPOL(NPER,IBEGSM,IWATST+1).GT.IWS(NPER-1)) 
WSPOL(NPER,IBEGSM,IWATST+1 ) = IWS(NPER-1)
C
END IF
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C
C................................
556 FORMAT(F4.1,10X,'I N F E A S I B L E ' )
553 FORMAT(F4.1,T10,F5.1 ,T18,F8.2,T31 ,F5.1,T43,F5.1,T56,F7.2)
552 FORMAT(F4.1,T10,F5.1 ,T18,F8.2,T31 ,F5.1 ,T43,F5.1,T56,F7.2,F10.2,
F7.2)
C...............................
106 CONTINUE
200 CONTINUEc===========================================================
GRSEAS = 0 ! Initialize growth
C.............................................................
DO 792 IWATST = STARTW,STARTW 
DO 792 IBEGSM = IXSUB ,IXSUB 
ACTWAT=IWATST
!
IF (NFEASC(13,IBEGSM,IWATST+1)) THEN
WRITE(22,796)IBEGSM*10 ,ACTWAT/IWSINC
ELSE
WRITE(22,793) IBEGSM*10,ACTWAT/IWSINC
C........
LBEGSM=IBEGSM 
LWATST=IWATST
C........
DO 791 NPER = 13,1,-1
WRITE(22,797)TSMPOL(NPER,LBEGSM,LWATST+1 ), 
SMPOL(NPER,LBEGSM,LWATST+1 )*1 0,
WSPOL(NPER,LBEGSM,LWATST+1)/lWSINC, 
WDRAWL(NPER,LBEGSM,LWATST+1)
797 FORMAT(' TSM = ',F6.1,' ENDSM = ',F6.1,' ENDWS = ',F6.1, 
' WITHDRAWL = ',F6.1)j
IF (NPER.EQ.1) THEN
LASTSM = SMPOL(NPER,LBEGSM,LWATST+1)
LASTWS = WSPOL(NPER,LBEGSM,LWATST+1)
LASTWD = WDRAWL(NPER,LBEGSM,LWATST + 1 )
END IF
MBEGSM=LBEGSM
LBEGSM = SMPOL(NPER,MBEGSM,LWATST+1) 
LWATST = WSPOL(NPER,MBEGSM,LWATST+1) 
791 CONTINUE
WRITE(22,798)GRMAX(13,IBEGSM,IWATST+1) 
GRSEAS = GRMAX(1 3,IBEGSM,IWATST+1)
END IF
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798 F0RMAT(/,' Growth for season = ' ,f10.2)
793 F0RMAT(/' TSM for SM ',14,' and WATST *,F5-1 ,’ IS : ')
796 F0RMAT(/’ TSM for SM ',14,' and WATST ',F5.1,' IS : INFEASIBLE')c. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
792 CONTINUEQ = = = = = = = = = = ^ = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
c==========================================================
END
o 
o 
o
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c=========================================================
C P L A N T  - A  subroutine to simulate the day to day
C ---------- growth of the rice plant
C
c:
Ccccccccccccc
IN : NDIS1(JJ)
--- NDIS2(jj)
JJ
NPREP(JJ)
ITSM
IWATST
IBEGSM
OUT : TOTGR
CUMGR(l)
NFEASA
TOTLIR
defines start of req period 
defines end of req period
defines wet or dry season (wet = 1 , dry = 2)
defines length of preparation
defines current TSM policy (40 -> 100)
defines water level index
water level = IWATST/lWSINC
defines beginning soil moisture (40 -> 100)
defines total growth for period 
defines cumulative growth to day I 
defines if we run out of water (yes/no) 
defines total irrigation used over period
SUBROUTINE PLANT(JJ,ISWTCH)
C -------------------------------------
^ A A a A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A
REAL IRR(300),GRMAX(1 5,10,45) ,ENDSM(4-.10,45,4:10) ,WSINC( 1 5) ,WS(20) 
REAL WATMAX(20),TSMMAX(20),MXNDSM(20,20),TOTGRO(4:10,45,4:10)
REAL ENDVS(4:10,45,4:10),WITHDR(4:10,45,4:10),CUMGR(300)
REAL ETA(300),ETP(300),F(300),P(300),ETZ(300),GR(300)
LOGICAL NFEASA,IRRCHK
COMMON /ST1/SM(300),IRR 
COMMON /ST2/ G R ,F ,P ,ETZ,ETA,ETP 
COMMON /ST3/ TOTIRR(30),CUMGR 
COMMON /ST4/ DAYGR0(30),DAYIRR(30)
COMMON /ST5/ S C ,ITSM,COIRR
COMMON /ST6/ NDIS1(9),NDIS2(9),IWS(30)
COMMON /ST7/ NSTART(lO),NPLANT(10),NPREP(10)
COMMON /ST8/ IWATST,IBEGSM,IWSINC
COMMON /ST9/ WLEVEL,TOTLIR,TOTGR
COMMON /ST11/ NFEASA
COMMON /ST12/ E O (300),RF(300)
C ...................................
C Declarations
C ...................................
TSM = ITSM 
NFEASA = .FALSE.
BEGSM = IBEGSM
ACTWAT = IWATST
WLEVEL = ACTWAT / IWSINC
TOTLIR = 0
TOTGR = 0.0
DO 100 I=NDIS1(JJ),NDIS2(JJ)
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IF (I.LE.NPREP(JJ)+91•AND.
I.GT.NPREP(JJ)+1 .OR.
I.EQ.169) THEN
IRRCHK = .TRUE.
ELSE
IRRCHK = .FALSE.
END IF
C
0 f > j »
o» > » »
o» » > > >
0  j t y > >
o > I >
o» » >
GR(l) = 0.0 
IRR (I) = 0
IF (I.LT.NPREP(J J) +16) THEN
F ( I )=0.11
ELSE IF (I.LT.NPREP(JJ)+31) THEN
F(l)=0.20
ELSE IF (I.LT.NPREP(JJ)+41) THEN
F(l)=0.35
ELSE IF (I.LT.NPREP(JJ)+61) THEN
F(l)=0.66
ELSE IF (I.LT.NPREP(J J)+76) THEN
F(l)=0.81
ELSE IF (I.LT.NPREP(JJ)+101) THEN
F(I)=0.71
ELSE
F(l) = 0.11
END IF
IF (I.LT.NPREP(J J)+16) THEN
ETZ(l) = 16.6
ELSE IF (l.LT.NPREP(jj)+36) THEN
ETZ(l) = 16.6 + 1.67*(I-NPREP(JJ)-16) 
ELSE IF (I.LT.NPREP(JJ)+101) THEN
ETZ{I) = 50.0
ELSE 
END IF
ETZ(I) = 16.6
ETP(l) = F(l) * E0(l)
C On the first day of each week we asssume
C BEGSM equals SM of last day of previous week
C and evap. transport zone of day 1 equals ETZ of
C day 7 of week before.
C----------------------------------------------------------
IF (I.EQ.NDIS1(JJ)) THEN 
SM(I-1) = BEGSM 
ETZ(l-1) = ETZ (I)
END IF
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Q  =  =  =  =  =  =  =  =  =  =  ^  =  = =  =  =  = =  =  =  =  =  = =  =  =  =  =  =  =  =  =  =  =  =  =  =  =  =
IF (SM(I-1).GE.75) THEN
P(i )=1.0
ELSE IF (SM(1-1).GE.50.AND.E0(l).LE.4.0) THEN
P(l)=1.0
ELSE IF (SM(1-1).GE.50.AND.E0(l).LE.6.0) THEN
P(I)=0.8
ELSE IF (SM(l-1).GE.50) THEN
P(I)=0.6
ELSE IF (SM(I-1).GE.25.AND.E0(l).LE.3.0) THEN
P(l)=1.0
ELSE IF (SM(I-1).GE.25.AND.E0(l).LE.4.O) THEN
P(I)=0.7
ELSE IF (SM(l-1).GE.25.AND.E0(I).LE.6.0) THEN
P(l)=0.5
ELSE IF(SM(l-1).GE.25) THEN 
ELSE IF (EO(l).LE.3.0) THEN 
ELSE IF (E0(i ).LE.4.0) THEN 
ELSE IF (EO(I).LE.6.0) THEN 
ELSE
P(l)=0.35 
P(I )-0.5 
P(I)=0.3 
P(l)=0.25 
P(l)=0.15
END IF
c======
991
C.....
ETA(l) =P(I )* (1 - SC / 100) * ETP(l)
C.....
EFFRF = 0.8 * RF(l) !---> Effective rainfall = 80$ rain
C
s m(i) = (s m(i~i )/ioo * :ETZ(I-1) - ETA(l) + EFFRF)/ETZ(l)*100
C Soil Moisture 
c Bounds 
C
C
IF (SM(l).GT.IOO) 
IF (SM(l).LT.O.O)
SM(l) = 100.0 
SM(l) = 0.0
C
C
C If growing has finished or started then we don't irrigate 
c or have any growth
C_________ _^__
IF ( IRRCHK ) THEN
C__________
if (s m (i ).l t .t s m) thenc- - - - - - - - - - - - - - - - - - - - - -
C COIRR -> Conversion to acre/ft
C-------------------------------
IRR(l) = COIRR *( ETZ(l) - (SM(I-1)/100 *ETZ(1-1)-ETA(I)+EFFRF))
o 
o 
o 
o
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WLEVEL = WLEVEL - IRR(l)
IF( WLEVEL.LT.O) THEN
NFEASA = .TRUE.
GO TO 888
END IF
SM(l) =100
TOTLIR = TOTLIR + IRR(l)
C_______________________ __ ________
END IF
C » » »» *
c This is where growth is
C calculated for any day
C
C » » »> »
C_________ ______________________________________________
C If P(I) does not equal one or we are outside the
C growing season then growth does not occur.
C__________ _ ________________________________________
IF (P(I).EQ.VI THEN
C__________ ___________ __________________________
IF (i .LT."nPREP(JJ) + 16) THEN
GR(l)=0.47
ELSE IF (l.LT.NPREP(Jj)+36) THEN
GR(l)=2.58
ELSE IF (I.LT.NPREP(JJ)+71) THEN
GR(l)=0.69
ELSE
GR(l)=1.64
END IF
C________________________________________________
END IF
C__________________________
END IFC---------------------
888 TOTGR =TOTGR +GR(l) ! CUMULATIVE
CUMGR(l) = CUMGR(l-l) +GR(l) ! Cumulative growth for SIMUL
C- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
100 CONTINUE
Infeasibility Condition
C---------------------------
IF (NFEASA) THEN
TOTLIR = ACTWAT/IWSINC 
TOTGR = 0
END IF 
END
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o S M A I N - Main module for ----- > S I M U L
A program to simulate a two season model of a rice crop - 
using various mechanisms to control moisture levels.
Main module for----- > S I M U L
Two season simulation (i) 16 week season
(ii) 13 week season
Cc========================
C Initialization 
c========================
£ ************************************
CHARACTER*5 INVSCN,NORSCN
CHARACTER*4 INV,NORM,TOP,BOT,ERASE,HOME,BOLD,DWD,UNL
CHARACTER*! ANS,ANSI,ANS2,ANS4 
INTEGER DAYGR0(5O),DAYIRR(50),WATDIM 
COMMON /ST1/SM(350),IRR(350)
COMMON /ST3/ T0TIRR(50),CUMGR(350)
COMMON /ST4/ DAYGRO,DAYIRR 
COMMON /ST5/ SC,ITSM,COIRR 
COMMON /ST6/ NDIS1(9 ),NDIS2(9),IWS(50),S2(5)
COMMON /ST7/ NSTART(10),NPLANT(10),NPREP(10)
COMMON /ST8/ IWATST,IBEGSM,IWSINC 
COMMON /ST9/ WLEVEL,TOTLIR,TOTGR 
COMMON /ST11/ NFEASA 
COMMON /ST12/ EO(350),RF(350)
COMMON /ST14/ COWET,CODRYQ ***************************************
C===========================
0===========================
C Call the video
C enhancer
C-------------------------
CALL VIDEO(INV,NORM,TOP,BOT,ERASE,HOME,BOLD,DWD,UNL, 
INVSCN,N0RSCN,SCROLL)
C
Cc Inquiry Section
436
WRITE(6,*)ERASE,HOME,INVSCN 
WRITE(6,884)BOLD,TOP,NORM,BOLD,BOT,NORM 
884 FORMAT(9X,2A4,'S I M U L ’/
1X ,A4,8X,2A4,'S I M U L’,A4)
WRITE(6,883)
883 FORMAT(///5X,'A program to simulate the growth of a rice plant')
WRITE(6,882)
882 F0RMAT( ////////////' Press <RETURN> to proceed.. ')
READ(5, 881)ANS 
881 FORMAT(A1)
757 WRITE(6,*)NORSCN
WRITE(6,*)ERASE,HOME
C.....................
C.....................
ISWTCH=1
WRITE(6,85)DWD,UNL,INV,NORM 
85 FORMAT(1 OX,3A4,' SIMULATION PROGRAM',A4//)
C-------
C-------
WRITE(6,773)
773 F0RMAT(' Enter the seepage contribution to ETA (%):*)
READ(5,*)SC
C Wet
C Irrigation conversion
C factor
WRITE(6,604)
604 FORMAT
. (/' Do you wish to change the WS irrigation co-efficient ? ’$)
READ(5,96)ANS4
IF( ANS4.EQ.'Y ’.OR.ANS4.EQ.’y ') THEN 
WRITE(6,605)
READ (5,*)COWET
ELSE
COWET = 0.1968
END IF
C===============================
c Dry
C Irrigation conversion
C factor
WRITE(6,606)
606 FORMAT
• (/' Bo you wish to change the DS irrigation co-efficient ? '$)
READ(5,96)ANS4 
96 F0RMAT(A1)
IF( ANS4.EQ.'Y ’.OR.ANS4.EQ.'y ') THEN 
WRITE(6,605)
605 FORMAT(/' Enter your new co-efficient : '$)
READ (5,*)CODRY
ELSE
CODRY = 0.1968
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C:
C'
C
C
Cc
END IF
Program body
REWIND 11 
REWIND 12
NPLANT(1)=238 
NPLANT(2)=338 
NPREP(1 )=91 
NPREP(2)=238 
NSTART(1)=1 
NSTART(2)=239 
S2(1 ) = 21
S2(2) = 13c=============================
C Simulation Loop
C
0----------------------------c- - - - - -c- - - - - -c===============:==============
c \>.. . . . . . . . . . . . .
CALL SIMUL
C---------------------------
STOP 'This is the end....,
END
0================================
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------------------------------------------------------------------
C S I M U L - A  program to simulate the growth of a rice
C plant.
-----------------------------------------------------------------
C Version 1.3 - Planting starts on 92nd day - First season
C Planting starts on 239th day - Second season
C Includes fallow of 3 weeks,irrigation, 6 days
C Links to SEED1 and SEED2
C
0------------------------------------ ----------------------------
C I N I T I A L I Z A T I O N
...................................................................
SUBROUTINE SIMUL 
C ----------------
CHARACTER*4 INV,NORM,TOP,BOT,ERASE,HOME,BOLD,DWD,UNL 
CHARACTER*5 INVSCN,NORSCN,RAIN,EVAP,YR 
CHARACTERS SWS,SWI 
CHARACTER*8 SCROLL
REAL ETA(350),ETP(350),F(350),P(350)
REAL ETZ(350),IRR(350),CUMGR(350),WS(50),WSINC(50)
REAL TOTGRO(50),T0TGRR(50),GR(350)
INTEGER DAYGR0(50),DAYIRR(50),YEAR 
COMMON /ST1/SM(350),IRR 
COMMON /ST2/ GR,F ,P,ETZ,ETA,ETP 
COMMON /ST3/ TOTIRR(50),CUMGR 
COMMON /ST4/ DAYGRO,DAYIRR 
COMMON /ST5/ SC,ITSM,COIRR 
COMMON /ST6/ NDIS1 (9),NDIS2(9),IWS(50),S2(5)
COMMON /ST7/ NSTART(10),NPLANT(10),NPREP(10)
COMMON /ST8/ IWATST,IBEGSM,IWSINC 
COMMON /ST9/ WLEVEL,TOTLIR,TOTGR 
COMMON /ST11/ NFEASA 
COMMON /ST12/ E0(35O),RF(350)
COMMON /ST13/ LASTSM 
COMMON /ST14/ COWET,CODRY0==========================================================
C Open Necessary Files
CALL YEAR (RAIN,EVAP,YR,SWS,SWI)c================================================
OPEN (UNIT=11,FILE=EVAP )
OPEN (UNIT=12,FILE=RAIN )
0PEN(UNIT=13,FILE= SWS )
0PEN(UNIT=14,FILE= SWI )
0PEN(UNIT=22,FILE='SIMUL.OUT’)
^ A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A
C Initialization
C..............................................................
IWSINC = 1
^ A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A
CALL VIDEO(INV,NORM,TOP,BOT,ERASE,HOME,BOLD,DWD,UNL,
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INVSCN,NORSCN,SCROLL)
CVVVVVVVVVVVVVVVVVVVVVVVYVVVVVVVVVVVVVVVVVVVVVVVVVVVVVYVVVVVV
757 WRITE(6,774)
774 FORMAT(' Enter your Terminal Soil Moisture :')
READ( 5,*)ITSM 
TSM=ITSM 
WRITE(6,61 )
61 FORMAT(' Do you require screen output :')
READ(5,82)ANS2
C------------------------------
READ(11,98)(EO(I),1= 1,340)
READ(1 2,898)(RF(I),1= 1,340)
898 FORMAT(14F5.1)
98 FORMAT(14F5.2)
c===============================================
READ(13,*)(WS(I),1=1,40)
READ(14,*)(WSINC(I),I=1,40)0********************************************************
C This is the Seasonal Loop *
C ---------------------------  *
DO 151 JJ = 1 ,2
C *
0********************************************************
IWATST = 100
NDIS1(JJ) = NSTART(JJ)
NDIS2(JJ) = NPLANT(jj)
C\C \-------------------------
Q **********************************************
IF (JJ.EQ.1) THEN 
IBEGSM = 0 
COIRR = COWET 
CALL SEED1 
ELSE
IF (WS(28).LT.O ) THEN
TYPE *,' This season has run dry !!!!' 
GOTO 779
END IF
IBEGSM = LASTSM 
COIRR = CODRY 
CALL SEED2 
END IF0 **********************************************
C /------------- - ------c/c- - - - - - - - - - - - - - - - - - - - -c- - - - - - - - - - - - - - - - - - - - - -
DO 665 11= 1 ,S2(JJ) 
t o t i r r (i i )=o .o 
t o t g r r(i i )=o .o 
d a y i r r (i i )=o .o .
DAYGRO(II)=0.0 
DO 664 JK=1,7
o 
o
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C
C
664
C
C
665 
Cc- -
A A A AOcc
A A A A
L/
498
499
C---
398
500
C
C
652
t o t i r r(i i ) = t o t i r r(i i ) + i r r(ii*7+j k+n p r e p(j j )-7) 
t o t g r r(i i ) = t o t g r r(i i ) + g r ( n p r e p(j j )+11*7+JK-7)
if (i r r (n p r e p(j j )+ii*7+jk-7).g t .o .o ) d a y i r r(i i )=d a y i r r(i i )+i
IF (GR(II*7+JK-7+NPREP(JJ)).GT.O.O) DAYGR0(ll)=DAYGR0(ll)+1
CONTINUE
Water Incremental Calculation
L = S2(l) * (JJ-1) + II + 7 ! Advance season by 7 weeks
WS(L) = WS(L-1) * 0.938 + WSINC(L) - TOTIRR(ll)1 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =  = = = = = = = = = = = = = = = = =  = = = = =  1
CONTINUE
P R I N T E D  O U T P U T
A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A
WRITE(22,498)SC,TSM
FORMAT(1XS e e p a g e  contribution = ',F4.0,'$',
. 5X,'Terminal Soil Moisture = ',F4.0,'$')
WRITE(22,499)
F0RMAT(1X ,
.’DAY EO F ETP P ETA RF SM$ IRR ETzone GROWTH'
TOTGROWTH'/, '-------------------------------------- '
,*------------------------------------- ')
DO 500 i=n s t a r t(j j ),n p l a n t(j j )
WRITE(22,398)I,E0(l),F(l),ETP(l),P(l),ETA(i ),RF(l),SM(l),
i r r (i ),e t z (i ),g r (i ),c u m g r(i )
FORMAT(13,3X,5F5.2,F6.1,1X,F6.2,F6.2,2X, F6.2,1X,F6.2,3X, F7.2)
CONTINUE
DO 653 H  = 1 ,S2(JJ)
L = S2(1) * (JJ-1) + II + 6 
WRITE(22,652)11,DAYIRR(II),TOTIRR(II),DAYGRO(II)
,t o t g r r(i i ),w s (l )
F0RMAT(1X,' PERIOD. #',12,' : NO OF DAYS OF IRRIGATION
,I5,/15X,' TOTAL IRRIGATION : ',4X,F11.2,
/15X, NO OF DAYS OF GROWTH : ',I8,/15X,' TOTAL GROWTH : ',
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5X,F13*1 /' TOTAL STORAGE : *,5X,F13-1) 
653 CONTINUE
— A A A A A A A A ^ A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A
C S C R E E N  O U T P U T
^  ^  ^  ^  A A A A 4k A A A A A A A A A 4k A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A0
82 FORMAT(A1)
IF(ANS2.EQ.'Y' ) THEN 
WRITE(6, *)ERASE,HOME 
WRITE(6,* )SCR0LL
WRITE(6,772)INV,SC,NORM,INV,TSM,NORM 
772 FORMAT(1X,A4,'Seepage contribution = ',F4.0,'$',
. A4,5X,A4,'Terminal Soil Moisture = ',F4. 0 , , A 4 )
WRITE(6, 199)B0LD,UNL,N0RM 
199 FORMAT(1X,2A4,
.’DAY EO F ETP P ETA RF SM$ IRR ETzone GROWTH 
. TOTGROWTH',A4)
C.....................
DO 350 I=NSTART(JJ),NPLANT(JJ)
WRITE(6, 198)l,E0(l),F(l),ETP(l),P(l),ETA(l),RF(l),SM(l),
i r r(i ),e t z (i ),g r (i ),c u m g r(i )
198 F0RMAT(1X,I3,3X,5F5.2,F6.1,1X,F6.2,F6.2,2X, F6.2,1X,F6.2,3X, F7.2)
350 CONTINUE
A A A A A A A A A A A A A A A A A A A A
C S U M M A R Y
C
D I S P L A Y
DO 663 H=1 ,S2(JJ)
C
L = S2(1) * (JJ-1) + II + 6
C
WRITE(6,662)INV,II,NORM,DAYIRR(II),TOTIRR(II),DAYGRO(II)
. ,t o t g r r(i i ),WS(L)
662 FORMAT(1X ,A4,' PERIOD #',I2,A4,' : NO OF DAYS OF IRRIGATION
,15,/l5X,' TOTAL IRRIGATION : ',4X,F11.2,
/15X, ' NO OF DAYS OF GROWTH : ',I8,/15X,' TOTAL GROWTH : ’, 
5X,F13-1/,' TOTAL STORAGE : ' ,5X,F13-1)
663 CONTINUE 
END IF
151 CONTINUE
C---------------------------------------------------------
C End of Seasonal Loop
C---------------------------------------------------------
779 WRITE(6,770)
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770 FORMAT(' Do you require further simulations ?')
READ(5,82)ANS 
IF (ANS.EQ.'Y') GO TO 757 
756 CLOSE (UNIT=22)c=============================================
RETURN0=============================================
END
443
c===
ccc
p _
S E E D 1 - A subroutine to simulate the day to day 
growth of the old variety rice plant 
for the first season.
Kj - - - - - -
c Links t o --- > S I M U IJ
c— - 
C IN : NDIS1(JJ) - defines start of req periodc — NDIS2(JJ) - defines end of req periodc JJ - defines wet or dry season (wet = 1 , dry =c NPREP(JJ) - defines length of preparationc ITSM - defines current TSM policy (40 -> 100)c IWATST - defines water level indexc water level = IWATST/lWSINCc
n
IBEGSM - defines beginning soil moisture (40 -> 100)
u
C OUT : TOTGR - defines total growth for periodc — cumgr(i) - defines cumulative growth to day Ic NFEASA - defines if we run out of water (yes/no)ccc
p —  -
TOTLIR - defines total irrigation used over period
SUBROUTINE SEED1
REAL IRR(350),WSINC(50),¥S(50)
REAL CUMGR(350)
REAL ETA(350),ETP(350),f (350),P(350),ETZ(350),GR(350) 
LOGICAL NFEASA,IRRCHK
COMMON /ST1/SM(350),IRR 
COMMON /ST2/ GR,F,P,ETZ,ETA,ETP 
COMMON /ST3/ TOTIRR(50),CUMGR 
COMMON /ST4/ DAYGR0(50),DAYIRR(50)
COMMON /ST5/ SC,ITSM,COIRR
COMMON /ST6/ NDIS1(9),NDIS2(9),IWS(50),S2(5)
COMMON /ST7/ NSTART(10),NPLANT(10),NPREP( 1 0)
COMMON /ST8/ IWATST,IBEGSM,IWSINC 
COMMON /ST9/ WLEVEL,TOTLIR,TOTGR 
COMMON /ST11/ NFEASA 
COMMON /ST12/ EO(350),RF(350)
COMMON /ST13/ LASTSM
C..............................
C Declarations
C..............................
JJ = 1 
TSM = ITSM 
NFEASA = .FALSE.
BEGSM = IBEGSM
ACTWAT = IWATST
WLEVEL = ACTWAT / IWSINC
TOTLIR = 0
TOTGR =0.0
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C.. .
C » t >
DO 100 I=NDIS1(JJ),NDIS2(JJ)
IF (l.LE.NPREP(jj)+1 12.AND.
I.GT.NPREP(jj).OR. I.EQ.232
ELSE 
END IF
) THEN
IRRCHK = .TRUE. 
IRRCHK = .FALSE.
C
c Initialization
C
6 » » *» 
C » » » »
0 * » > » » 
o » » » » »
c» » » 
c » » >
GR(l) = 0.0 
IRR (i) = 0
IF (I .LT.NPREP(JJ)+16) THEN
ELSE IF 
ELSE IF 
ELSE IF 
ELSE IF 
ELSE IF 
ELSE 
END IF
F(I)=0.11
(I.LT.NPREP(JJ)+31) THEN
F(l)=0.20
(l.LT.NPREP(jj)+46) THEN
F(l)=0.35
(I.LT.NPREP(JJ)+61) THEN
F(l)=0.66
(l.LT.NPREP(jj)+86) THEN
F(l)=0.81
(i.LT.NPREP(JJ)+122) THEN
F(l)=0.71
F(l) = 0.11
IF (l.LT.NPREP(JJ)+15) THEN
ETZ(l)
ELSE IF (l.LT.NPREP(jj)+35) THEN
ETZ(l) = 16.6
ELSE IF (l.LT.NPREP(jj)+121) THEN
ETZ(l)
ELSE
END IF
ETZ(l)
+
ETP(I) = F(I) * E0(I)
16.6
1.67*(l-NPREP(JJ)-14)
50.0
1 6 . 6
C On the first day of each week we asssume
C BEGSM equals SM of last day of previous week
C and evap. transport zone of day 1 equals ETZ of
C day 7 of week before.
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IF (I.EQ.NDIS1(JJ)) THEN 
SM(I-1) = BEGSM 
ETZ(1-1) = ETZ (I)
END IF
IF (SM(l-1).GE.75) THEN 
ELSE IF (SM(l-1).GE.50.AND.E0(l), 
ELSE IF (SM(I-1).GE.50.AND.E0(I). 
ELSE IF (SM(l-1).GE.50) THEN 
ELSE IF (SM(I-1).GE.25.AND.E0(l) 
ELSE IF (SM(I-1).GE.25.AND.E0(l) 
ELSE IF (SM(I-1).GE.25.AND.E0(l) 
ELSE IF(SM(I-1).GE.25) THEN 
ELSE IF (E0(l).LE.3.0) THEN 
ELSE IF (E0(l).LE.4.0) THEN 
ELSE IF (E0(I).LE.6.0) THEN 
ELSE 
END IF
P(l)=1.0 
LE.4.0) THEN 
P(l)=1.0 
LE.6.0) THEN 
P(I)=0.8
P(l)=0.6 
LE.3.0) THEN 
P(l)=1.0 
LE.4.0) THEN 
P(l)=0.7 
LE.6.0) THEN 
P(l)=0.5
P(l)-0.35
P(I )=0.5
P(l)=0.3
P(l)=0.25
P(l)=0.15
991 ETA(I) =P(I )* (1 - SC / 100) * ETP(l)
C.....................................................................
EFFRF = 0.8 * RF(l) !--- > Effective rainfall = 80$ rain
C.....................................................................
SM(I) = (SM(I-1)/100 * ETZ(l-1) - ETA(l) + EFFRF)/ETZ(l)*100
c_ _ _ _ _ _ _ _ _ _
C Soil Moisture 
c Bounds
C_______________
IF (SM(I).GT.100) SM(i ) = 100.0 
IF (s m (i ).l t .o .o ) s m (i ) = 0.0c c c
C If growing has finished or started then we don't irrigate 
c or have any growth
C_________ _^__
IF ( IRRCHK ) THEN
C
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IF (SM(l).LT.TSM) THENc- - - - - - - - - - - - - - - - - - - - - -
C COIRR -> Conversion to acre/ft 
C-------------------------------
IRR(l) = COIRR *( ETZ(l) - (SM(I-1)/100 *ETZ(l-1)-ETA(l)+EFFRF)) 
WLEVEL = WLEVEL - IRR(l)
IF( WLEVEL.LT.O) THEN
NFEASA = .TRUE.
GO TO 888
END IF
SM(l) =100
TOTLIR = TOTLIR + IRR(l)
C_________________________________
END IF 
n° » » * * »
c This is where growth is
C calculated for any day
C
f^ 9 9 9 9 9
C_________ ^ _______________ __________________________________
C If p (I) does not equal one or we are outside the 
C growing season then growth does not occur.
C
IF (P(I).EQ.1 ) THEN
Stages : (1) 1 4 days : 0.32
(2) 36 days : 0.78
(3) 40 days : 0.46
(4) 22 days : 1 .040--------------------------------------------
IF (I.LE.NPREP(JJ) +14) THEN
GR(I)«0.32
ELSE IF (i.LE.NPREP(jj)+50) THEN
GR(l)=0.78
ELSE IF (I.LE.NPREP(JJ)+90) THEN
GR(l)=0.46
ELSE IF (I.LE.NPREP(Jj)+112) THEN
GR(l)=1.04
ELSE
GR(l)=0.00
END IF 
C
END IF
C_________________________
END IF
C-----------------------
888 TOTGR =TOTGR +GR(l) ! CUMULATIVE
CUMGR(l) = CUMGR(l-l) +GR(l) ! Cumulative growth for SIMUL
LASTSM = SM(l)
C------------------------------------------------------------
100 CONTINUE
C 
C 
C Infeasibility Condition
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C
C----------------------------
IF (NFEASA) THEN
TOTLIR = ACTWAT/IWSINC 
TOTGR = 0
C=
o
END IF
END
o
o
o
o
o
o
o
 o
o
o
C S E E D 2 - A  subroutine to simulate the day to day
C --------  growth of the old variety rice plant
C for the second season.
C
C Length : 13 weeks
C0---------------------------------------------------------
C Links t o --- > S I M U L
IN : NDIS1(JJ) 
— - NDIS2(JJ) 
JJ
NPREP(JJ)
ITSM
IWATST
IBEGSM
- defines start of req period
- defines end of req period
- defines wet or dry season (wet = 1, dry =
- defines length of preparation
- defines current TSM policy (40 -> 100)
- defines water level index 
water level = IWATST/lWSINC
- defines beginning soil moisture (40 -> 100)
2)
OUT TOTGR
CUMGR(l) -
NFEASA
TOTLIR
defines total growth for period 
defines cumulative growth to day I 
defines if we run out of water (yes/no) 
defines total irrigation used over period
SUBROUTINE SEED2
C ----------------
^ A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A
REAL IRR(350),WSINC(50),WS(50)
REAL CUMGR(350)
REAL ETA(350),ETP(350),F(350),P(350),ETZ(350),GR(350) 
LOGICAL NFEASA,IRRCHK
COMMON /ST1/SM(350),IRR 
COMMON /ST2/ GR,F,P,ETZ,ETA,ETP 
COMMON /ST3/ TOTIRR(50),CUMGR 
COMMON /ST4/ DAYGR0(5O),DAYIRR(50)
COMMON /ST5/ SC,ITSM,COIRR
COMMON /ST6/ NDIS1(9),NDIS2(9),IWS(40),S2(5)
COMMON /ST7/ NSTART(10),NPLANT(1 0) ,NPREP(1 0 )
COMMON /ST8/ IWATST,IBEGSM,IWSINC
COMMON /ST9/ WLEVEL,TOTLIR,TOTGR
COMMON /ST11/ NFEASA
COMMON /ST12/ E0(35O),RF(350)
C..............................
C Declarations
C..............................
JJ = 2 
TSM = ITSM 
NFEASA = .FALSE. .
BEGSM = IBEGSM 
ACTWAT = IWATST 
WLEVEL = ACTWAT / IWSINC 
TOTLIR = 0
449
C
TOTGR * 0.0
DO 100 I=NDIS1(JJ),NDIS2(jj)
IF (I.LE.NPREP(JJ)+91 -AND. 
I.GT.NPREP(JJ) ) THEN
ELSE 
END IF
IRRCHK = .TRUE. 
IRRCHK = .FALSE.
C ....................
C Initialization 
C ....................
g r (i ) = 0.0
IRR (I) = 0
G > » > i
G > > > >
IF (I .L T .NPREP(J J ) +1 6) THEN
F(l)*0.11
ELSE IF (I.LT.NPREP(JJ)+31) THEN
F(l)=0.20
ELSE IF (I.LT.NPREP(JJ)+41) THEN
F(I)*0.35
ELSE IF (I.LT.NPREP(JJ)+61) THEN
F(l)=0.66
ELSE IF (I .LT.NPREP(J J )+7 6) THEN
F(l)=0.81
ELSE IF (I.LT.NPREP(JJ)+101) THEN
F(l)0.71
ELSE
F(l) = 0.11
END IF
G * t > » »
n^ i 9 9 j y
IF (I .L T .NPREP(J J ) +16) THEN
ETZ(l) = 16.6
ELSE IF (l.LT.NPREP(jj)+36) THEN
ETZ(l) = 16.6 + 1 .67*(I-NPREP(JJ)-16) 
ELSE IF (I.LT.NPREP(JJ)+101) THEN
ETZ(l) = 50.0
ELSE
ETZ(l) = 16.6
END IF
0 * t »
C, , ,
ETP(l) = F(l) * EO(i)
On the first day of each week we asssume 
BEGSM equals SM of last day of previous week 
and evap. transport zone of day 1 equals ETZ of 
day 7 of week before.
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C----------------------------------
IF (I.EQ.NDIS1(JJ)) THEN 
SM(l-1) = BEGSM 
ETZ(l-l) = ETZ (I)
END IF
IF (SM(l-1).GE.75) THEN 
ELSE IF (SM(l-1).GE.5O.AND.E0(l) 
ELSE IF (SM(I-1).GE.5O.AND.E0(l) 
ELSE IF (SM(I-1).GE.50) THEN 
ELSE IF (SM(l-1).GE.25.AND.E0(l) 
ELSE IF (SM(l-1).GE.25.AND.E0(l) 
ELSE IF (SM(I-1).GE.25.AND.E0(l) 
ELSE IF(SM(I-1).GE.25) THEN 
ELSE IF (E0(l).LE.3.0) THEN 
ELSE IF (E0(I).LE.4.0) THEN 
ELSE IF (E0(l).LE.6.0) THEN 
ELSE 
END IF
P(l)=1.0 
LE.4.0) THEN 
P(l)=1.0 
■LE.6.0) THEN 
P(l)=0.8
P(l)=0.6 
.LE.3 .O) THEN 
P(l)=1.0 
.LE.4.0) THEN 
P(l)=0.7 
.LE.6.0) THEN 
P(l)=0.5
P(I)=0.35
P(I )=0.5
P(I)=0.3
P(l)=0.25
P(l)=0.15
( J c c s s - ^ c s ^ s s c s c - c s ^ s 3 s - . s := s s ::: - s :- -  =  =  s s s  =  :: =  s:=:s;s:;:;;:s;
991 ETA(I) = P(l) * (1 - SC / 100) * ETP(l)
C......................................................................
EFFRF = 0.8 * RF(l) !--- > Effective rainfall 85 80$ rain
C......................................................................
SM(I) = (SM(1-1)/100 * ETZ(l-l) - ETA(l) + EFFRF)/ETZ(l)*100
C_______________
C Soil Moisture 
c Bounds 
C________________
IF (SM(l).GT.100) SM(l) = 100.0 
IF (SM(I).LT.O.O) SM(l) = 0.0ccc ~ ~  ■
' 0 If growing has finished or started then we don't irrigate 
c or have any growth
C
C
IF ( IRRCHK ) THEN
o 
o 
o
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IF (SM(l).LT.TSM) THEN
J -----------
C COIRR
n
-> Conversion to acre/ft
0 —  — -
IRR(l) = COIRR *( ETZ(l) - 
WLEVEL = WLEVEL - IRR(l) 
IF( WLEVEL.LT.O) THEN
c
END IF
SM(l) =100
TOTLIR = TOTLIR + IRR(l)
END IF
C > * » > >
c This is where growth is
calculated for any day
(SM(I-1)/l00 *ETZ(l-1)-e t a(i )+e f f r f))
NFEASA = .TRUE.
GO TO 888
C_________
C I f  P(l) does not equal one or we are outside the 
C growing season then growth does not occur.
C__________ __________________________________________
IF (p (i ).e q .TI THEN
C
C Stage (1 ) 14 days 0.19
c (2) 20 days 0.82
c (3) 35 days 0.32
c (4) 21 days 0.65
C
C__________ __________  ^ __________________
IF (I.LE.NPREP(JJ)+14) THEN
GR(l)=0.19
ELSE IF (l.LE.NPREP(jj)+34) THEN
GR(l)=0.82
ELSE IF (l.LE.NPREP(jj)+69) THEN
GR(l)=0.32
ELSE IF (I.LE.NPREP(JJ)+91 ) THEN
GR(l)=0.65
ELSE
GR(l)=0.00
END IF
C______________________________________________
END IF
C_________________________
END IF
C-----------------------
888 TOTGR * TOTGR +GR(l) !
CUMGR(l) = CUMGR(l-l) +GR(I) ! Cumulative growth for SIMUL
C------------------------------------------------------------
100 CONTINUE
C 
C 
C Infeasibility Condition
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CC---------------------------
IF (NFEASA) THEN
TOTLIR = ACTWAT/IWSINC 
TOTGR = 0
END IF 
END
Q  =  c>==ff c  =  s=s:cs:s:=:ssc =  =  =:s= =  s
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APPENDIX D
PROGRAM FOR THE SIMULATION OF WATER STORAGE
C STOCHASTIC SIMULATION OF THE WATER STORAGE IN THE DAM 
C ON A WEEKLY BASIS UNDER DIFFERENT RAINFALL REGIMES.
C
C
DIMENSION U(100),S(100),USTAR(100),TSTAR(100),
* WSTAR(IOO),PSI(100),Y(100), T(100),KOUNT(100),
* SUMY(100),SEY(100),KIND(48,100) ,
* XKM(48),XKV(48)
C
C READ THE WEEKLTY TEMP FILE, SET THE NUMBER OF DISCRETE
C WATER STORAGE CLASSES AND THE NUMBER OF WEEKS FOR WHICH
C THE LATTER IS SIMULATED.
N = 48 
DO 5 K =1,N 
5 READ(5,110) T(K)
MM = 70 
MW = 45 
C
C CARRY OUT FOR 25 DIFFERENT RAINFALL YEARS 
C
DO 5000 JYR =1,25 
DO 10 L=1,MM 
KOUNT(L) = 0 
DO 10 K=4,48 
10 KIND(K,L)=0 
C 
C
C READ TC P THE NO OF OBSERVATIONS -N AND THE RAINFALL
C
C
TC=6.0 
P=1 .5
DO 50 K=1 ,N
SUMY(K) = 0 
SEY(K) = 0 
110 F0RMAT(F4.O)
READ(10,100) u (k )
100 F0RMAT(F12.6)
50 CONTINUE 
C 
C
C WRITE THE NO IN THE SERIES TO BE PLOTTED IN CAPTAIN 
C ON TOP OF THE FINAL OUTPUT 
C
WRITE(12,70) MM 
70 FORMAT(14)
C WRITE(13,70) MW
C
C
C CALCULATE TSTAR 
C
TMAX = 100.
C = 1 .4 
DO 90 K=1 ,N
90 TSTAR(K)= C/100.*(tmax -t (k ))*u (k )
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C CALCULATE SK'S SMAX AND THEN USTAR 
C BY THE SOIL MOISTURE MODEL 
C
SMAX=-1OOO.
S(K-1)=0.
DO 20 K=1 ,N
S(K) = S(K-1) + 1 ./TC*(TSTAR(K)- S(K-1))
i f (s m a x .l t .s (k )) sma x=s (k )
20 CONTINUE
DO 40 K=1 , N
40 u s t a r(k ) =t s t a r(k )*(s (k )/s m a x)**p 
C
C THE NUMBER OF SIMULATIONS IS SET
C
C
DO 1000 JOB =1,186 
C 
C
C GENERATE RANDOM NUMBERS CALCULATE STOCHASTIC 
C ERROR TERMS FOR THE PARAMETERS A1 , BO AND C. 
C ADD THEM TO THE PARAMETERS.
C
RN1 = GRAND(O)
RN2 = GRAND(O)
RN3 = GRAND(0)
E1 = SQRT(7.88E-6)*RN1 
E2 = 4.98E-5/SQRT(7.88E-6)*RN1 
* + SQRT(4.84E-4 - 4.98E-5**2/7.88E-6)*RN2
E3 = SQRT(7.28E-3)*RN3 
A = 0.938 + E1 
B = 0.687 + E2 
C = 0.587 + E3 
C 
C
C CALCULATE THE WSTAR USING THE NEW PARAMETERS 
Cc
WSTAR(4) = 8.5 
DO 80 K=5,N
WSTAR(K) = A *WSTAR(K-1) + B *USTAR(K) 
80 CONTINUE 
C
C GENERATE RANDOM NUMBERS AND CALCULATE PSI(K)
C OF THE NOISE MODEL 
C
EK= GRAND(0)*SQRT(3.87)
PSI(4) =EK 
DO 95 K=4,48
EK= GRAND(0)
EK= EK*SQRT(3.87)
PSI(K) = C *PSl(K-1) + EK 
C 
C
Y(K) =WSTAR(K) + PSI(K)
C IF(Y(K).LT.O.) Y(K) = 0.
s u m y(k ) = s u m y(k ) + y (k ) 
s e y(k ) = s e y(k ) + y (k )**2
95 CONTINUE 
C
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C DEVELOP THE PROBABILITY DISTRN FUNCTION 
C
L=0
DO 120 I = -18,120,2 
XI = 1-2 
XIP2 = I 
L = L + 1 
DO 119 K =4,N
119 IF(Y(K).GE.XI.AND.Y(k ).LT.XIP2) KOUNT(L) = KOUNT(L) + 
DO 120 K=4,48
IF(Y(K).GE.XI.AND.Y(K).LT.XIP2)KIND(K,L)=KIND(K,L)+1
120 CONTINUE 
1000 CONTINUE
C
C CALCULATE THE MEAN, LOWER BOUND AND UPPER
C BOUND OF STORAGE LEVEL AT EACH WEEK
C
DO 140 K= 4,48 
SUMY(K) = SUMY(K)/1 86.
SEY(K) = SEY(k )/186.- SUMY(K)**2
s e y(k ) = s q r t(s e y(k ))
SUMM = SUMY(K) - SEY(K)
SUMP = SUMY(K) + SEY(K)
140 WRITE(13,72) SUMP,SUMY(K), SUMM 
C
DO 141 K=4,48 
x k m (k ) = 0
141 XKV(K) = 0c
C WRITE OUT THE PROB DENSITY FUNCTION
C
C
C CALCULATE THE EXP VALUE AND VARIANCE OF STORE 
C DURING ALL THE WEEKS 
DO 201 K=4,48 
DO 201 1=1 , MM 
XI = 2*1 - 21
DUM = KIND(K,I )/FLOAT(186)
XKM(K) = XI*DUM + XKM(K)
XKV(K) = XI**2*DUM + XKV(K)
201 CONTINUE
WRITE(12,73) (XKV(K), K=4,48)
72 FORMAT(3F1 2.6)
73 FORMAT()
C
DO 1120 K=4,48
SDEVN = SQRT(XKV(K) - XKM(K)**2)
1120 WRITE(6,1125) K, XKM(k ), SDEVN 
C
1125 FORMATC MEAN AND STD DEV DISTN AT WK' ,13,' ARE', 
C 
C
5000 CONTINUE 
STOP 
END
2F12.4)
